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Preface
The foundations of quantum mechanics were laid in the beginning of the 20th cen-
tury. Quantisation of angular momentum in a magnetic field was first shown in the
Stern-Gerlach experiment in 1922, where beams of silver atoms were deflected by an
inhomogeneous magnetic field according to their intrinsic angular momentum. In 1926,
Goudsmit and Uhlenbeck proposed the concept of electron spin, an essential element
for the theory of NMR. In 1938, Rabi et al1 modified the Stern-Gerlach experiment,
using rf irradiation at the Larmor frequency of the nuclei in a beam in order to measure
the nuclear magnetic moment, which can be regarded as the first NMR experiment.
Rabi received a Nobel prize for this work in 1944.
Thereafter, attempts to observe the NMR phenomenon in bulk were done, most notably
by Gorter, who was not successful because of the intrinsic low sensitivity of NMR
and the long relaxation times of his samples. Until 1946, when two independent
groups measured the first bulk NMR spectra. Bloch, Hansen and Packard2, applying
rf irradiation to a sample of water in a magnetic field measuring the induced current in
a coil. Purcell, Torrey and Pound3 used a sample of paraffin, measuring the absorption
of rf energy by the proton magnetic moments. Bloch and Purcell were awarded with a
Nobel prize in 1952.
Following this discovery, NMR was used for magnetic moment determination of
different nuclei. However, when sensitivity and resolution increased it was observed
that deviations occurred depending on the surroundings of the nuclei. This marks the
discovery of the chemical shift: the resonance frequency determined by the shielding
of the nuclei, depending on density and configuration of surrounding electrons. The
first spectrum of ethanol is a renowned example4.
When sensitivity and resolution further improved, by increasingly powerful magnets
and developments in electromagnetics, multiplet structures within peaks became ap-
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parent: resulting from spin-spin coupling of nearest neighbours within molecules.
Also chemical exchange was found to be visible in the NMR spectrum. This opened
up possibilities in molecular structure determination, causing NMR spectroscopy to
emerge as an impressive analytical tool for chemistry.
From then on, as a result of continuously increasing sensitivity and resolution, the
usefulness of NMR spectroscopy has made an enormous growth. On the one hand
substantial improvements were made in hardware by developing higher and more homo-
geneous magnetic fields, and stabler and cooler probes. On the other hand, milestones
such as Fourier transform NMR spectroscopy, magic angle spinning, developments of
pulse sequences contributed to efficiency, resolution and functionality. As a result, high
resolution NMR has become an important well-established spectroscopic technique, in
chemistry as well as in physics, and also NMR imaging (MRI). Although an intrinsic
low sensitivity remains problematic for some applications with low concentrated or
mass-limited samples, since the measurement time increases quadratically with a
decrease in the amount of spins in the sample.
NMR spectroscopy nowadays plays an vital role in characterisation of molecules,
analysing the composition of samples and monitoring of reactions, in the fields of
chemistry, biology, medicine, physics and pharmacy.
More recently, realising the importance of sustainability, many researchers in these
fields focus on finding ways to minimise impact on the environment. In chemical
industry, continuous flow microstructured reactors can be an important strategy in
developing green chemistry5. Performing chemical reactions at microscale in con-
tinuous flow instead of using stirred tank reactors enhances process control. For that
reason, microreactor chemistry is less dangerous, produces less waste as less solvents
can be used, in addition to processing advantages that improve efficiency and enable
fast reactions. In continuous flow microtechnology, the reaction is monitored online,
so small-scale analyte samples are used for fast and effective analysis.
In biochemistry, sample availability can be very limited in amount or in low con-
centrations, especially when mimimum impact on animal/plant subjects is desired.
Furthermore, if lab animals are used for research, ethics requires us to use as few and
little of a lab animal as possible. Additionally, when researching specificity, a single
animal is monitored, in contrast to pooling. But a single animal can provide a limited
amount of sample. The method for analysis should therefore be tuned to the sample
size.
Summarising, there are several use cases for using small amounts of sample and
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spectroscopic detection and analysis in situ or in flow. Both in biomedical and organic
chemistry there are examples of analysis preferably done on the microscale. The
spectroscopic techniques should match the size of the samples to be analysed, but in
conventional NMR this is sometimes impossible, because of its sensitivity issues.
The typical NMR detection volume is 500 µl, when the sample is smaller, dilution may
affect the sample, but also increases measurement time. Only oﬄine measurements
on relatively stable samples are possible in this setup, which is time- and solvent
consuming. Several developments have improved resolution and sensitivity: a higher
and more homogeneous field, lower temperature or non-Boltzmann methods. However,
all of these have their practical drawbacks, are expensive, or not generally suitable.
Despite numerous improvements, one is still unable to measure small or in situ samples
as such in a conventional NMR spectrometer.
An alternative way to increase sensitivity is to adapt the probe. In 1976, Hoult and
Richards6 showed that mass sensitivity could be improved by miniaturisation of the rf
coil. Since then, many designs have been proposed to miniaturise the rf coil: a wound
microcoil solenoid and a planar helical coil are much explored designs. However,
the solenoid is difficult to miniaturise beyond 100 µm, and also not a lithography
compatible technique. The planar helical coil is a printable 2D structure, but not as
good as other coils in terms of resolution and sensitivity.
A stripline NMR chip is a planar 2D structured rf coil, in which the rf field is homo-
geneous and strong, combining high resolution with high sensitivity. In 2004 the rf
stripline coil was introduced, and in 2007 a prototype was presented7, 8 and used. The
results were promising and led to improvements in the design. After several iterations,
the stripline NMR chips have both high resolution and sensitivity. The detection
volumes that were used are 150-250 nl, but is scalable. Furthermore, the stripline
chip can be coupled to microfluidics for continuous flow measurements. In this thesis,
stripline NMR chips were used for measuring static plugs of small volume biological
samples, and also coupling to a microfluidic environment to achieve both in situ and
continuous flow measurements of microvolume samples.
Scope of this thesis
This thesis explores some possible, relevant applications of the stripline NMR chip, in
organic and pharmaceutical chemistry. Chapter 1 gives a theoretical background of
the NMR experiment, focussing on sensitivity enhancement. An explanation is given of
4 References
how miniaturisation of the rf coil improves mass sensitivity. Different microcoil designs
are discussed. Several designs of the stripline NMR chip are used in this research, an
overview of the stripline NMR chips will be presented. One of the possible applications
for which microcoil NMR is interesting is mass-limited samples. In Chapter 2 static
measurements are performed using a stripline NMR chip with a replaceable capillary
as a sample holder. Two examples are individual mouse CSF (cerebro spinal fluid) and
strigolactone (plant hormone), both very limited in amount, analysed as a plug. The
strigolactones were also measured in solid state NMR. The spectra are analysed to show
structural information and concentration. In Chapter 3, three types of NMR chips are
coupled to a microfluidic setup. Standard 1H, and 13C experiments were performed,
but also two dimensional 1H-1H and 1H-13C experiments in continuous flow. It is
shown that this setup decreases measurement time and/or reduces the volume of analyte
needed. Our stripline NMR setup is coupled to a microreactor platform in Chapter 4,
so that reaction monitoring of fast chemical reactions is possible: we performed an
in-depth study of the acetylation of benzyl alcohol. Measuring in continuous flow while
the reaction proceeds enables NMR spectra to be taken during the first 10 minutes of
the reaction. In combination with conventional NMR spectra, a reaction mechanism for
this fast reaction is proposed. Using a similar microfluidic NMR setup, an even faster
reaction, the Paal Knorr pyrrole synthesis, is studied in Chapter 5. The reaction is
finished in a few minutes, without leaving intermediate products. In conventional NMR
the progress of the reaction cannot be followed, nor the intermediate products. A series
of 1D spectra and two dimensional experiments in continuous flow were performed
during the progress of the reaction giving kinetic information. Chapter 6 explores
the hyphenation of electrochemistry with microfluidic stripline NMR spectroscopy for
metabolomic studies. An unstable compound produced in an electrochemical cell, was
collected in an SPE (solid phase extraction) and subsequently measured in stopped-flow
in the stripline NMR chip.
References
[1] I. I. Rabi, J. R. Zacharias, S. Millman, and P. Kusch, “A new method of measuring nuclear
magnetic moment,” Phys. Rev., vol. 53, p. 318, 1938.
[2] F. Bloch, W. W. Hansen, and M. Packard, “Nuclear induction,” Phys. Rev., vol. 69, p. 127,
1946.
References 5
[3] E. M. Purcell, H. C. Torrey, and R. V. Pound, “Resonance absorption by nuclear magnetic
moments in a solid,” Phys. Rev., vol. 69, p. 37, 1946.
[4] J. T. Arnold, S. S. Dharmatti, and M. E. Packard, “Chemical effects on nuclear induction
signals from organic compounds,” J. Chem. Phys., vol. 19, p. 507, 1951.
[5] C. Wiles and P. Watts, “Continuous flow reactors: a perspective,” Green Chem., vol. 14,
p. 38, 2012.
[6] D. Hoult and R. Richards, “The signal-to-noise ratio of the nuclear magnetic resonance
experiment,” J. Magn. Reson., vol. 24, p. 71, 1976.
[7] P. J. M. van Bentum, J. W. G. Janssen, and A. P. M. Kentgens, “Towards nuclear magnetic
resonance m-spectroscopy and µ-imaging,” Analyst, vol. 129, p. 793, 2004.
[8] P. J. M. van Bentum, J. W. G. Janssen, A. P. M. Kentgens, J. Bart, and J. G. E. Gardeniers,
“Stripline probes for nuclear magnetic resonance,” J. Magn. Reson., vol. 189, p. 104, 2007.

Chapter 1
Introduction
7
8 Chapter 1. Introduction
1.1 The NMR experiment
(a) Spectrometer (b) Probe (c) Stripline RF coil
Figure 1.1
In this section we present a basic general introduction to NMR with a focus on the
aspects relevant to this thesis. The reader may want to refer to NMR textbooks1, 2, 3, 4
for a broader introduction to NMR spectroscopy.
Nuclear magnetic resonance (NMR) spectroscopy probes the resonance frequencies
of nuclear spins in a sample, which are influenced by their chemical and physical
properties. Nuclear spin is a characteristic of atomic nuclei, a microscopic magnetic
moment, with a specific angular momentum. In an external magnetic field, the spin
energy levels are quantised, i.e. aligned in a limited number of orientations relative to
the magnetic field. The splitting of energy levels is known as Zeeman splitting, see
Figure 1.3. In a static magnetic field the nuclear spins are aligned and precess (rotating
like the wobbling of a spinning top) with a frequency that is called the Larmor frequency
ω0, which related to the energy difference between spin energy levels: ∆E = ~ω0.
When a quantum of electromagnetic energy, matching the energy difference between
the spin states, is applied to a spin, a transition to a higher energy level results.
A sample in a static magnetic field at thermal equilibrium contains an ensemble of
spins. The population of the spin system over the energy levels is described by a
Boltzmann distribution, with the lower energy levels more populated depending on the
temperature. The population difference between the energy levels forms a macroscopic
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net magnetisation. This net magnetisation vector is initially aligned with the magnetic
field, but, in an NMR experiment, is tipped 90 degrees, accomplished by applying an
electromagnetic pulse to the sample, i.e. rf (radiofrequency) irradiation generated by
an rf coil. After this rf pulse, the net magnetisation vector relaxes back to thermal
equilibrium and the Boltzmann distribution is re-established. The rotating magnetic
dipoles representated by the magnetisation vector induce an electromotive force (emf),
which can be detected by the rf coil. From the rf signal, the resonance frequencies of
the nuclei in the sample are obtained by Fourier transformation, giving a spectrum
from which information about the chemical properties of the nuclei can be deduced.
1.1.1 Experimental setup
NMR experiments are typically performed in a strong, stable and homogeneous mag-
net, such as the spectrometer shown in Figure 1.1a. In a higher magnetic field, the
magnetistion is stronger, which increases the signal-to-noise ratio (SNR) (section
1.3.2). Moreover, the chemical shift resolution of the spectrum increases. The magnet
used in our experiments is 14.1 T (600 MHz). Stronger magnetic field strengths are
continuously being developed, the strongest magnets currently available are around
23.5 T (1 GHz), and 28.2 T (1.2 GHz) is under development (due next year). To
achieve such high magnetic fields strengths, superconducting magnets are used which
are cooled with liquid nitrogen (77K) and helium (< 4K) baths. Not only field strength,
but also homogeneity of the magnetic field is an important aspect. In order to ensure a
high resolution, small shimming magnets are used to fine-tune the magnetic field at
the heart of the magnet, in order to produce the most homogeneous field at the position
of the sample. The sample is placed there using a probe (height around 50 cm). One
of the probes used in our experiments is shown in Figure 1.1b. The design of the probe
and coil is optimised so that it minimally affects the homogeneity of the magnetic field.
Besides functioning as a sample holder, the probe also contains an rf coil for rf pulsing
and detection, and electronics for tuning and matching of the rf field.
1.1.2 1D 1H and 13C NMR spectrum
The resonance frequency is a characteristic for a certain nucleus, for example the 1H
nucleus has a typical resonance frequency of 600 MHz for a 14.1 T magnet, whereas
the 13C nucleus has a resonance frequency of 150 MHz at that field. In the remainder
of this text only these two nuclei are taken into consideration.
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Figure 1.2: Ethanol (70%) in chip-in-a-box stripline NMR, a) nutation of ethanol triplet b) FID
c) single scan spectrum. The nutation is a series of measurements with increasing pulsewidth.
The 90 degree pulsewidth can be determined from this. Also, a nutation gives information
about rf strength and rf homogeneity. By applying the exact 90 degree pulsewidth that was
found, a FID can then be obtained. The SNR can be calculated by dividing the intensity of the
first point of the FID by the rms (root mean square) of the noise. Also, the observed relaxation
time constant T ∗2 can be found. Fourier transformation of the FID results in the NMR spectrum.
Here we find the chemical shift values for each resonance peak. Multiplets give additional
information about the molecular structure. The FWHM value (full width at half maximum) is
typically obtained from the ethanol triplet.
NMR was at first used for determining the magnetic moment of elements, when in
1951 chemical shift was discovered5. A nucleus experiences an effective magnetic
field depending on the local electron distribution which contributes to shielding the
nucleus from the external magnetic field. The magnetic field strength experienced by
the nucleus therefore differs from the applied magnetic field, this is called chemical
shift. A chemical shift value δ can be assigned to the resonance frequency relative to a
reference value, for 1H and 13C the resonance frequency of tetramethylsilane (TMS).
The ppm-scale is used, to be magnetic field strength independent: δppm = 2piδνγB0 and
the resonance frequency of TMS is fixed at 0 ppm.
The chemical environment, i.e. surrounding electrons and other atoms in the molecule,
influences the shielding and thereby the measured chemical shift. Nuclei that experi-
ence a higher electron density are shielded from the external field, which results in a
lower chemical shift. Equivalent nuclei are in the same chemical environment, so have
the same chemical shift. Structural features (eg. the type of bond and substituents) de-
termine the electron distribution, which affects shielding of a nucleus, so the chemical
shift contribute to molecular structure information.
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When resolution increases, one finds that resonance peaks often are split into multiplets.
These multiplets arise from J-coupling or spin-spin coupling, resulting when spins are
coupled to neighbouring equivalent spins by one or more chemical bonds. Each of the
neighbouring spins-1/2 can be in a spin state up (aligned with B0) or down (opposed
to B0), an ensemble of n spins can have (2nI + 1) configurations. The spin states are
almost equally populated, two spin-1/2 nuclei can be both up, both down or one up
and one down. The aligned spins experience a slightly higher field and so a slightly
higher frequency, therefore are present at a shifted position. In the 1H spectrum of
ethanol in Figure 1.2c, a triplet formed by these interactions can be observed, as well
as a quartet for the two protons.
Since J-coupling is a through-bond interaction, arising from neighbouring protons via
hyperfine interactions of the bonding electrons, J-coupling indicates direct connec-
tivity within the molecule. The multiplet pattern can give insight into the amount of
protons attached to the neighbouring nuclei. Therefore, the multiplicity of the signal
gives information of the molecular structure. Furthermore, J-coupling can be used in
correlation experiments to examine connectivity within the molecule. It is desirable to
have a high-resolution spectra, in order to be able to use this information, which can
be critical in applications determining molecular structure.
Relaxation In absence of an external magnetic field, the spin states are degenerate.
When the spins in a sample are immersed in a magnetic field, polarisation increases
until thermal equilibrium is reached with a Boltzmann distribution over the spin states.
Also, when the equilibrium has been disturbed, eg. by applying an rf pulse, the nuclei
relax to their equilibrium populations. This recovery process is called longitudinal
relaxation, or spin-lattice relaxation, and characterised by relaxation time constant T1.
The magnetisation along the z-axis Mz at time t depends exponentially on T1, where
M0 is the magnetisation at thermal equilibrium, and an rf pulse is given at t = 0:
(1.1) Mz = M0(1− e−t/T1)
To obtain a qualitative spectrum by signal averaging over multiple scans, only after the
nuclei are back in thermal equilibrium and magnetisation is fully build-up, the sample
is in the same starting conditions and a new pulse can be applied. In practice, 3-5 times
T1 is used as an acquisition delay between multiple pulses to obtain a quantitative
spectrum. Unfortunately, in some cases this delay time can become very long, for
12 Chapter 1. Introduction
example for quartenary carbon nuclei, which increases the experiment time when signal
averaging is needed for obtaining sufficient signal. For continuous flow NMR, this is of
importance because it is possible to shorten the observed value of the relaxation time
T ∗1 , by refreshing the sample and flowing spins that are prepolarised in the field into the
detection volume, rather than waiting for the spins to recover to thermal equilibrium
between scans.
Transverse relaxation is the loss of coherence between the spins, which has the effect
that the magnetisation vector in the xy-plane after an rf pulse dephases, resulting in
zero net transverse magnetisation. Local magnetic field disturbances originating from
intermolecular and intramolecular interactions cause this decoherence, characterised
by spin-spin relaxation time constant T2, which is typically smaller than or equal
to T1. The transverse relaxation process follows a similar exponential behaviour. In
addition to microscopic field disturbances, macroscopic inhomogeneities in theB0 field,
due to experimental imperfections or susceptibility effects, also cause dephasing of
magnetisation, expressed by the time constant T ′2. Transverse relaxation is observed in
the spectrum, since the dephasing of the magnetisation vector introduces an uncertainty
in resonance frequency, which broadens the resonance peak. The experimentally
observed relaxation rate contains both microscopic and macroscopic effects: 1/T ∗2 =
1/T2 + 1/T
′
2. The observed relaxation time T ∗2 can be determined by the linewidth of
a peak (FWHH, full width at half height): FWHH = 1/piT ∗2 . T ∗2 can also be observed
from the decaying FID, see Figure 1.2b, by:
(1.2) T ∗2 =
t(1/2)
ln2
The significance of T2 in continuous flow NMR is that when the sample flows out of
the detection area during acquisition faster than T2, the FID is artificially shortened,
giving rise to a smaller observed T ∗2 , which may broaden the signals. The effect of
continuous flow NMR on the observed relaxation times is discussed in Chapter 3.
On the other hand, chemical processes can influence the linewidth as well when the
dynamics is on the same timescale as the chemical shift difference, which will be
encountered in Chapter 4.
13C NMR experiment
The 13C NMR experiment can in principle be acquired similarly as the 1H NMR
spectrum, but an important difference between 1H and 13C involves the strength of the
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signal. First of all, the natural abundance (naturally occurring amount of an isotope)
of 1H is almost 99.98 %, but unfortunately 12C, the naturally dominant isotope, has no
spin, and the natural abundance of 13C, having spin 1/2, is only 1.11 %. Furthermore,
the gyromagnetic ratio γ influences the strength of the signal, as nuclei with a higher γ
have a higher resonance frequency, a higher magnetic moment and a higher precession
rate. The sensitivity of the experiment scales with the gyromagnetic ratio γ of the
nucleus to the power 5/2 as will be shown below, in (1.22). A 1H nucleus has both a
high abundance and a high γ, which gives comparable to 13C a much better signal
(1 : 1.76 · 10−4). In some cases, it may be possible to use labelled 13C nuclei for
the NMR experiments, but often in order to obtain sufficient signal it is necessary to
acquire many scans, in which the T1 relaxation time has to be taken into account as an
acquisition delay between scans. Signal averaging over N scans improves the SNR of
the spectra only with: SNR ∝ N1/2, so that it may be necessary to take many scans
for sufficient improvement of the signal. As a conclusion, acquiring a 13C spectrum
can take a very long time. Here, continuous flow NMR can be useful as explained
above, as the waiting for T1 relaxation time may not be necessary and the acquisition
time can be significantly increased, as will be shown in Chapter 3.
1.1.3 Two dimensional correlation spectroscopy
Two dimensional correlation spectroscopy shows nuclear shift correlations, correlations
within the molecules. Since evidence of connectivity between nuclei gives a lot of
structural insight, these are very interesting techniques and used throughout this thesis.
1H-1H: COSY (correlation spectroscopy) and TOCSY (total correlation spec-
troscopy) In general, a two dimensional pulse sequence is formed by several blocks:
preparation, evolution (t1), mixing and detection (t2). The 2D spectrum is acquired
as a function of t1 and t2, and Fourier transformed over both time scales, to get a 2D
spectrum with two frequency axes, the direct and indirect dimension. In a COSY
experiment, the preparation and mixing are both a 90 degree pulse. By incrementally
increasing t1, the precession frequency of the nucleus is obtained. When nuclei are
coupled, coherence transfer is introduced, magnetisation transfer from one spin to
neighbouring coupled spins occurs through J-coupling. The precession frequency of
one spin therefore transfers to the coupled spins. In the 2D spectrum, this is found as a
cross peak.
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In the TOCSY or HOHAHA (Hartmann-Hahn homonuclear cross polarisation) pulse
sequence, instead of a single pulse for mixing a spin lock is used, resulting in isotropic
mixing. A spin lock sequence consists of a series of 180 pulses with infinitely small
time in between. During the spin lock the chemical shift is continually refocused,
whereas the spin-spin coupling stays active, this allows the magnetisation eventually to
propagate across the complete molecule to all coupled spins. The TOCSY spectrum
therefore shows cross peaks through the whole molecule.
1H-13C: HSQC, HMQC, HMBC Besides homonuclear 2D correlation spectroscopy,
also correlations between different nuclei can be obtained. Three experiments are
used here: HSQC (heteronuclear single quantum correlation), HMQC (heteronuclear
multiple quantum correlation), HMBC (heteronuclear multiple bond correlation). Het-
eronuclear 1H - 13C correlation spectroscopy correlates carbon nuclei to the attached
protons. Furthermore, this technique makes it easier to distinguish crowded 1H multi-
plets to different 13C nuclei. To increase sensitivity, polarisation transfer is induced
from the sensitive 1H to the insensitive 13C, and then back to the observed 1H nu-
clei. A cross peak in the 2D spectrum reveals connectivity between 1H to the 13C
nucleus. In the case of heteronuclear single and multiple quantum correlation (HSQC
and HMQC) this shows correlations over a single bond, i.e. directly coupled spins,
whereas the HMBC experiment shows multiple bond correlations. The details of the
spin dynamics of these pulse sequences are beyond the scope of this thesis, and can be
found in references6, 7, 8 or NMR textbooks. It will be shown in Chapter 3 that HSQC
and HMQC experiments can be performed in the microfluidic stripline NMR setup
during continuous flow, which diminishes the experimental time. Furthermore, to aid
in solving reaction mechanisms HSQC and HMBC will be used in Chapter 4.
1.2 Magnetisation
In this section we will go into more detail regarding spins in a magnetic field and
deriving an expression for the magnetisation of the sample, as this will be used in the
expression for sensitivity in the next section.
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Figure 1.3: Zeeman effect, for spin-1/2 nuclei with γ is negative.
1.2.1 Interactions of matter with a magnetic field
Atomic nuclei have intrinsic properties: mass, electric charge, magnetism and spin.
Nuclear spin is a type of quantum mechanical angular momentum. The other type
is orbital angular momentum. Both types are quantised, but whereas orbital angular
momentum arises from rotation, nuclear spin angular momentum is an intrinsic nuclear
property. Nuclear spins J are labelled by a nuclear spin quantum number I , which is
a positive multiple of 1/2, depending on the type of particle. Nuclei with I = 0 do not
have nuclear spin, and are not amendable to NMR experiments.
In the absence of a magnetic field the spin states are degenerate, i.e. the spin states
have the exact same energy. In a magnetic field this degeneracy is lifted, giving rise
to different energy levels, so the energy and orientation of spins is quantised. This
separation of energy levels is called the Zeeman effect, see Figure 1.3. The nuclear
spin states in a magnetic field are labelled with nuclear spin quantum number m,
ranging from −I to +I in steps of 1, where the largest nuclear spin quantum number
m corresponds to the lowest energy spin state. For a particle with spin quantum number
I , the multiplicity of possible spin states is given by 2I + 1. For a nuclear spin with
I = 1/2, two Zeeman levels exist−I and +I . The spins states are populated according
to Boltzmann’s distribution law of statistical mechanics.
The spin angular momentum J gives rise to a magnetic moment µ, proportional to J :
(1.3) µ = γ ∗ J
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where γ is the magnetogyric/gyromagnetic ratio, defined by γ = −eg2m , with e the
charge of the nucleus, m the mass, and g is the g factor, which is a specific value for a
given nucleus. The sign of γ determines the direction of the precession. Nuclei with
negative γ, such as 1H and 13C, exhibit clockwise rotation and spin ’up’, aligned with
B0, is the lower energy state and most stable, spin ’down’, orientated against B0, is the
higher energy state.
The angular momentum vector J precesses around the axis of the applied external
field, with strength B0, with an angular frequency known as the Larmor frequency:
(1.4) ω = −γB0 = egB0
2m
(rad/s)
or in frequency (Hz):
(1.5) ν =
−γ
2pi
B0
By applying radiofrequency radiation, an rf pulse, with oscillating frequency matching
the energy difference between the nuclear orientations, excitation occurs. The condi-
tion applies that the frequency of the electromagnetic radiation matches the Larmor
precession frequency hνprecesession = hνphoton = ∆E.
The magnetic Zeeman energy E of a nucleus with magnetic moment µ in the presence
of a magnetic fieldB is:
(1.6) E = −µ ·B = −µ · γ ∗ J
The z- component of the magnetic moment is:
(1.7) µz = γ~mi
with mi is -I .... +I
And so the Zeeman energy is:
(1.8) Emi = −γ~miB0
For I = 1/2, the energy difference ∆E between the two spin states is:
(1.9) ∆E = ((−1/2)− (1/2))γhB0
2pi
= γ~B0 = ~ω0
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1.2.2 Macroscopic magnetisation
The sum of the microscopic magnetic moments µm in an external magnetic field B0
gives rise to a macroscopic magnetisationM per unit volume:
(1.10) M =
1
V
n∑
m=1
µm
The total magnetisation is M0:
(1.11) M0 =
∑
m
< µz > ρm
where< µz > is the expectation value of the microscopic moment which equals γ~mz ,
(1.7). ρm is the population of spins in energy level Nm. At thermal equilibrium, the
spins distribute over the Zeeman energy states with Boltzmann’s law. So ρm can be
written accordingly as:
(1.12) ρm =
Nm
N
=
exp−EmkBT∑l
m=−l(exp
−Em
kBT
)
In this expression N is the total spin population, T is the temperature and kB is
Boltzmann’s constant, with Em = −mmγ~B0. Substituting into M0:
(1.13) M0 = Nγ~
∑l
m=−lmmexp
Em
kBT∑l
m=−l exp
Em
kBT
At room temperature, hγB0 << kBT , the ’high field approximation’ is valid (exp−x ≈
1− x).
(1.14) M0 ≈ Nγ~
l∑
m=−l
mz(1− −mmγ~B0
kBT
)
l∑
m=−l
(1− −mmγ~B0
kBT
)
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Using polynomial expressions (square pyramidal number:
∑l
m=−lm
2
z = 1/3(2I +
1)(I + 1) and
∑n
i=m = n−m+ 1), this gives Curie’s law:
(1.15) M0 =
Nγ2~2B0I(I + 1)
3kBT
The magnetisation of the sample depends on the spin population difference, follow-
ing Boltzmann’s distribution law. Because of the very small population differences,
sensitivity in NMR experiments can be a serious problem, especially for lowly concen-
trated samples or very small volume samples. As we will discuss in the next section,
several approaches to enhance sensitivity can be explored. In the stripline approach,
we address sensitivity enhancement by miniaturisation of the NMR coil.
1.3 SNR enhancement of the NMR experiment
The sensitivity of NMR spectroscopy is relatively low, compared to other spectroscopic
techniques. The limit of detection (LOD) is a value representing the amount of sample
needed for a certain SNR. In NMR, the LOD can be defined as the amount of spins
that are required to give a SNR of 1 in a bandwith of 1 Hz9. The LOD of NMR is
orders of magnitude less than for example infrared (IR), UV-vis, fluorescence or mass
spectroscopy10, 11. As shown above, this is a result of the Boltzmann distribution of
the nuclei and the small energy differences between energy levels. In the following
sections, from an expression for the SNR, the factors that can increase NMR sensitivity
can be deduced. Miniaturisation of the rf coil is one of the approaches that is discussed.
1.3.1 The signal-to-noise ratio (SNR)
After applying an rf pulse (90◦ or pi/2 pulse) to the polarised spin system in the sample,
precession of the magnetisationM occurs while the magnetisation returns back to its
equilibrium aligned with theB0 magnetic field. The rotating magnetic dipoles in the
sample induce an electromotive force (emf ξ), which is the signal that can be detected
in the rf coil. The value of the SNR is the maximum intensity of this NMR signal
divided by the root-mean-square value (r.m.s.) of the noise.
The induced emf ξ is described by Faraday’s law as the change in magnetic flux Φ,
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which is the integral of the magnetic field over surface area A of the loop:
(1.16) ξ(t) = −dΦ
dt
= − d
dt
∫
A
B(r, t) · da
Hoult and Richards12, 13 applied the principle of reciprocity to the NMR experiment
to derive an expression for the emf ξ in an NMR experiment. The reaction of the
receiving coil to the magnetic field produced by the nuclear magnetic moments in the
sample is difficult to calculate, but as the reciprocity principle states it is the same as
passing unit current through the coil and measure the magnetic field produced at a
given point in the sample. The precessing magnetisation of a single magnetic dipole
is m, which is a infinitesemal loop with cross-sectional area A, and the magnetic
momentm = iA. The magnetic field induced in the coil by unit current is B1/i.
(1.17) ξ(t) = − d
dt
(
B1
i
·m(r, t))
For a sample of volume Vs, the emf ξ can be calculated by integration over the whole
sample:
(1.18) ξ(t) = −
∫
sample
d
dt
B1
i
·M(r, t)dVs
A scaling factor k0 is introduced to include the inhomogeneity of theB1 field produced
by the probe, so that B1 can be considered constant over the sample volume. The
integration then gives:
(1.19) ξ(t) = −k0ω0B1
i
M0Vs cosω0t
where the Larmor frequency is ω0. The time dependence of the signal is exp(iωt),
but only the real part is used for the expression of the emf ξ. For the maximum signal
intensity, at t = 0, this factor is 1.
Then, substituting Curie’s law (1.15) for the magnetisation M0, the maximum signal
S induced in the receiving coil directly following excitation of a sample is given by
(1.20) S =
k0
B1
i VsNγ~
2I(I + 1)ω20
3kBTsample
In an NMR experiment random noise is present, which generally falls in three cat-
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egories: thermal noise, shot noise, flicker noise. The thermal noise due to random
motion of charge carriers from the coil and the sample at a certain temperature T is
the dominant source of noise14, 15.
Thermal noise is defined by the Nyquist formula as:
(1.21) NR =
√
4kBTcoilR∆f
where, R is the resistance of the conductor and ∆f is the band width of the NMR
experiment.
Combining (1.20) and (1.21), the SNR is:
(1.22) SNR =
S
NR
=
k0
B1
i VsNγ~
2I(I + 1)ω20
(kBTsample3
√
2)
√
4kBTcoilR∆f
1.3.2 Approaches for SNR enhancement
The expression for the SNR of the NMR experiment Eq.(1.22) shows some factors
which can be influenced to achieve a higher sensitivity. In general, approaches to
increase the NMR signal can be found in hardware design and hyperpolarisation NMR,
some recent reviews16, 17, 18 cover this topic in detail focussing on microcoil NMR.
Many developments that aim at increasing the SNR are involved with the hardware, i.e.
probe and magnet. Stronger magnets, which increases the B0 field, are continuously
being developed, since a higher field contributes to a higher SNR:SNR ∝ ω2. Another
strategy is minimising the noise, which can be achieved by lowering the temperature
of the preamplifiers and the rf coil (SNR ∝ 1/√Tcoil)19, 20. In conventional NMR,
cryoprobes are commonly used operating at around 20K, which increases the SNR by
a factor 2-4 up to 2017, 21.
An alternative approach is the development of hyperpolarisation techniques. In dy-
namic nuclear polarisation (DNP), polarisation transfer is induced from unpaired
electrons, with a higher magnetic moment, to other nuclei. Microwave irradiation of
the (cooled) sample combined with radicals is required, which can give a enhancement
of 660 for protons22, 23, 24. In the recent years DNP has become a commercially avail-
able technique, however much research is still devoted to improving the technique and
a drawback is the need of special chemicals and microwave setup, and also the cooling,
melting and shuttling of the sample is challenging. Several related techniques that
use polarisation transfer to increase sensitivity are (photo) chemically induced DNP
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(CIDNP), spin-exchange optical pumping (e.g. SPINOE) and parahydrogen induced
polarisation (PHIP, e.g. SABRE)25. In these techniques the high polarisation that
comes from radicals produced by (photo)chemical reactions, Rb excited by polarised
light or parahydrogen is transferred to NMR nuclei in the sample by chemical reaction,
via spin exchange with a nobel gas (3He or 129Xe), hydrogenation of the sample or tem-
porarily complex formation with metal centre, respectively. Although these technique
are in development, promising signal enhancements are obtained.
Furthermore, the coil should be designed such as to fit the highest amount of sample,
and maximise N in Eq.(1.22). The observe volume of the probe is the effective
detection volume from which the signal is observed Vobs. The observe factor can then
be defined as the ratio between Vobs and the total volume of sample fobs = Vobs/Vtotal.
The filling factor is the fraction of coil volume occupied by the observed sample
ffill = Vobs/Vcoil. Both ffill and fobs should be maximised for highest efficiency of
the coil26. In microcoil NMR, often the coil is designed so that ffill is optimised,
and can be larger than in conventional NMR where an airgap between the sample and
saddle coil is present. In the case of mass-limited sample, also fobs can be optimised,
when the coil matches the sample fobs can be up to 1, without needing to dilute the
sample. In a microfluidic setup a large part of the sample is outside of Vobs, namely
in the pumping system capillaries, therefore fobs is much less than 1. However, a
microcoil in a microfluidic setup serves a different purpose, such as matching the size
of the chemical setup (microreactor) or analysing unstable samples.
In remote detection NMR27, 28, 29, a microfluidic setup is used with two separate coils,
the encoding coil and detection coil. A large sample volume is polarised and encoded
by gradients, whereas the observe factor can be high when acquiring the data in a
smaller microcoil volume.
When a limited amount of sample is available, compared to the conventional volume
of 500 µl, it is beneficial to sensitivity to match the coil to the sample. The coil
geometry influences the SNR via the factor B1/i, the magnitude of the magnetic
field B1, produced in the sensitive area of the coil by unit current i. B1/i reflects the
sensitivity of the probe and depends on the coil geometry by 1/d, as we will see in the
next section. Therefore, miniaturisation is another option to increase sensitivity, when
all other factors remain the same.
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1.4 Increased mass sensitivity by microcoil NMR
The mass m of a sample may be limited in cases such as natural or expensive products.
Sample concentrations C may be limited if solubility is low or, for example, in bio-
logical fluids. For both limitations, gaining sufficient sensitivity requires a different
approach. The sensitivity of the NMR probe can be defined in terms of mass sensitivity
Sm or concentration sensitivity SC 26, 30, which are normalised by the acquisition time
ta
(1.23) Sm =
SNR
m×√ta
and
(1.24) SC =
SNR
C ×√ta
SC and Sm are related by the observed sample volume Vobs:
(1.25) SC = VobsSm
For a certain sample of mass mobs in Vobs, mobs = CVobs. Increasing the observe
volume in a probe for a sample of fixed concentration, increases its concentration
sensitivity SC , as the amount of spins N in Vobs increases and the SNR is related to
number of spins N and volume Vobs in Eq. (1.22).
However, for fixed mass,N and Vobs cannot be increased if the available sample volume
is similar or smaller than the observed volume Vobs. As decreasing the coil increases
the transverse magnetic field strength per unit volume and thereby the SNR per unit
mass, matching the coil to fit the size of the sample increases the SNR. Therefore, for
a small mass-limited sample miniaturisation of the coil is a way to increase sensitivity
Sm.
1.4.1 RF microcoils
A saddle coil, typically used in conventional liquid-state NMR, gives a very homoge-
neous B1 field, but this design is difficult to miniaturise. For microcoil NMR, other
designs have been developed: a solenoid, flat helical or stripline is a common design,
shown in Figure 1.4. Several reviews discuss the principles and designs of NMR mi-
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crodetectors9, 16, 18, 21, 31, 32. In the design of a microcoil, the size of the coil matching
the sample, and the observe and filling factor have to be considered. Furthermore, the
SNR is influenced by the geometry of the coil: by factorB1/i and the resistanceR (see
Eq.(1.22)). The sensitivity of a coil, expressed as B1/i, can be calculated for different
coil types using Biot-Savart’s law. In general, the SNR scales roughly with 1/d, the
inverse diameter of the coil, as a smaller diameter gives a relative higher transverse
magnetic field strength in the coil. Some examples of the possible NMR microcoil
designs are discussed next.
(a) Hand-wound Solenoid, from
Ref. 33
(b) Microfabri-
cated Solenoid,
from Ref. 34
(c) Helical planar coil, from Ref.
35
(d) Helmholtz coil, from
Ref. 36
(e)
Stripline
coil
(f) Needle coil, from Ref. 37
Figure 1.4: NMR microcoil designs
Solenoids
The first solenoidal microcoils were being used for in-vivo NMR spectroscopy in
196638. In 1994, the first high-resolution solenoidal microcoils were developed by
Sweedler et al33, 39, 40. A simple solenoid microcoil consists of a copper wire hand-
wound around a capillary containing the sample. In this arrangement the solenoid coil
can be very efficiently used so that the filling factor is large. Also, the solenoid generates
a high B1 field per unit current. However, when the sample is very close to the copper
coil, line broadening may occur due to magnetic susceptibility mismatch between
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coil, sample and medium. When the coil is immersed in susceptibility matching fluid
(eg. FC-43) a uniform medium surrounds the sample and a good resolution can be
obtained41. Alternatively, zero-susceptibility wire solenoids have been developed42,
which also improves sensitivity and resolution.
Peck et al.15 analysed the SNR and the resistance R of a microsolenoid coil.The
sensitivity B1/i of a coil can be calculated for different coil types using Biot-Savart’s
law. At the center of a solenoid, a simple expression can be found:
(1.26)
B1
i
=
µ0n
d
√
1 + [h/d]2
where µ0 is the permeability of free space, n is the number of turns of the solenoid,
h is the coil length and d is the coil diameter. When the ratio h/d is fixed, the factor
B1/i is therefore relative to 1/d, showing that the sensitivity of a coil is proportional
to the inverse diameter.
The current density of an alternating high frequency current is concentrated at the
surface of the material, decreasing exponentially with increasing distance from the
surface, which is known as the skin effect. For copper at 600 MHz, the skin depth δ is
2.7 µm, which is the value where the current density is at 1/e of its maximum value
at the surface. Peck15 shows that when the diameter of the wire is much larger than
the skin depth δ, the resistance of the coil is determined by the proximity effect and
skin effect. The proximity effect is the increased resistance arising from interactions
between the windings of the coil. For the regime where the coil diameter larger than
the skin depth, the SNR for constant coil length to coil diameter ratio:
(1.27) SNR ≈ ω
7/4
dcoil
When the diameter of the coil is smaller than the skin depth, the current is uniform
and can be approximated by an AC current. The SNR in this case:
(1.28) SNR ≈ ω
2
√
ndcoil
Furthermore, Hoult and Richards12 showed a comparison of a solenoid and saddle
coil under similar conditions, concluding that a solenoid has a three times higher
performance. This is explained by the fact that the magnetic energy is not as efficiently
stored in the saddle coil, due to its open structure, and therefore the flux in the sample
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is not as high as in a solenoid.
Although the microsolenoid gives good results, downscaling of the coil is difficult
and results in fragile structures, hand-winding of the coil limits the miniaturisation.
Recently, attempts to deal with this limitation involves the development of microfabri-
cated solenoids, which make use of an automated microwirebonder43, 44. A solenoid
microcoil is fabricated by a wirebonder, wrapping the wire around a SU-8 cylinder,
which is also the sample holder. The filling factor is not as high as in the hand-wound
coil and the coil is rather large (1mm outer diameter). Meier et al34 used an automated
wirebonding technique in combination with a microfabricated microfluidic channel
for the sample to flow through. A relatively large linewidth was observed, probably
due to susceptibility broadening. Wirebonding around a support decreases the filling
factor, but Kamberger et al45 showed that it is also possible to use a sacrificial inner
support, which is dissolved after a pmma support is applied at the outside of the coil.
The detection volume can be used up to 100%. Although the reported sensitivity was
comparable to other designs, the linewidth is relatively large.
A variation of the microfabricated solenoid is a Helmholtz coil, constructed as a
double solenoid coil where the sample is placed between the coils. Spengler et al.
36, 46 developed a Helmholtz microcoil, consisting of two 1.5 winding solenoid coils,
made by an automated wirebonder and microfabrication techniques. The sample
is loaded via a disposable insert. This design aims to combine the possibilities by
microfabrication with the sensitivity and resolution of a solenoid.
Planar coils
Adjusting the microcoil design towards a 2D structure, a planar helical coil can be
regarded, see Figure 1.4c. Peck et al.47 showed the results for the first planar micro-
coils. Since the planar coil can be fabricated by photolithographic techniques, these
microcoils can be more easily fabricated in batch and scaled down in size. The sample
can be put in a capillary on top of the coil or in a microfluidic setup beneath the coil.
Unfortunately, the planar helix usually shows a disappointing sensitivity and resolution.
The sensitive area close to the coil experiences a very inhomogeneous B1 field, and
further from the coil the field is more homogeneous but becomes very weak. Also,
susceptibility mismatch plays a role in linebroadening when the sample is close to the
coil. Stocker48 shows that enclosing the coil and sample in a susceptibility matching
fluid (FC-43) improves resolution. The sensitivity and resistance of a flat helical coil
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are more difficult to calculate than for a solenoid, but as it was shown analytically by
Eroglu49, increasing the number of turns increases the center field strength, although
every added winding contributes less. However, more windings increases the resistance,
and the proximity effect becomes more dominating. Simulations of the induced field9
show that inhomogeneities arise from Eddy currents in the center windings due to
outer windings. In conclusion, sensitivity remains lower than a solenoid32.
Nevertheless, the planar coil is often used, most importantly because the planar coil
is compatible to microfabrication techniques and can be coupled to microfluidics 50.
Wensink et al51 used a planar coil integrated with a microfluidic chip for analysis of
reaction kinetics of imine formation from benzaldehyde and aniline. More recently,
Gomez52 used planar coils integrated with microreactor setup to efficiently study
reaction kinetics, in a single on-flow experiment. The use of microtechnology decreases
the amount of time and compounds necessary for analysing the reaction. Fratila53
used a non-resonant planar spiral coil which can be used to detect nuclei in a broad
frequency range, enabling heteronuclear 2D experiments on a micofluidic sample.
In order to improve homogeneity Ryan et al54 developed a contactless, inductively
coupled planar coil. Bridging connections that disturb the homogeneity can be left out.
A microfluidic channel for the sample is below the coil, and has a detection volume of
1.2 µl. This microcoil setup has a resolution of 4.5 Hz and a sensitivity comparable to
the stripline used in Ref. 55, 56.
Also, Helmholtz coils can improve homogeneity of the magnetic field and can be
constructed from planar coils. Linewidth and sensitivity can be much increased
comparing planar coils to planar Helmholtz coils57. An example is a planar Helmholtz
coil patterned on both sides of a sample chamber made of two bonded substrates58.
Another rectangular planar coil in Helmholtz arrangement, patterned on two substrates
separated by spacer beads was demonstrated by Syms et al59.
Leidich et al60 went one step further by also rotating the sample to increase resolution,
a rotating 5-40 nl sample in a capillary in a Helmholtz coil improved resolution up to
less than 3 Hz.
Furthermore, the planar microprintable coil opens up possibilities in medicine, several
implantable planar microcoils have been developed61, 62, 63. Similar to the planar coil
is a needle coil, a one-turn planar coil printed on a substrate (silicon or plastic) which
is used as a shaft and has applications in real-time NMR spectroscopy and imaging in
cancer surgery37, 64. For all these type of coils it remains a challenge to have a good
resolution, minimise susceptibility effects, and increase sensitivity.
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Figure 1.5: Schematic cross-section of the stripline design, from Ref. 66. The strength of the
B1 rf field is highest (magenta) at the edges of the strip and lowest (blue) at the outer regions.
In the middle part, indicated by the rectangles, an intermediateB1 (yellow) is present, which
is homogeneous within 10%. In that region, the field lines run almost parallel to the surface,
forced between strip and boundary planes.
Striplines
The previously discussed microcoil designs, typically involved a wound or spiral coil.
For NMR spectroscopy, a magnetic rf field B1 perpendicular to B0 is required. In
the simplest case, this can be accomplished by using a long metal wire parallel to the
B0 field. A current flowing in the surface layer (skin depth δ) of this wire induces a
cylindricalB1 field around the wire, which diminishes with the radial distance from the
wire r. When the length of the wire relative to its diameter can be considered infinitely
long, a very homogeneous magnetic field is present. This arrangement gives a poor
sensitivity, since the field strength diminishes with r. In a coaxial arrangement (such as
toroid or coaxial probe65), the field lines are confined within an outer boundary hollow
wire. This increases the sensitivity of the coil, but inhomogeneity of the field increases
as well, therefore a low resolution results. However, when the wire is replaced by a
flat strip, the field lines are arranged parallel to the strip on both sides, and a very
homogeneous field is achieved. TheB1 field is enclosed between boundary planes,
so that a high B1 rf field is confined to a small volume where one puts the sample,
therefore high sensitivity is achieved. Figure 1.5 shows a schematic of theB1 field in
cross-section of the stripline, the detection volume is within the region of 10 % field
homogeneity.
A microstrip transmission line resonator for MRI was introduced in 2001 by Zhang
et al67. The stripline NMR configuration makes use of a constriction to select the
detection area, was introduced in 200431. In 2007, a prototype stripline NMR chip
was established66, and subsequent stripline NMR chips will be discussed in the next
section.
For a stripline configuration, the B1/i factor and resistance R can be calculated66.
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From Ampere’s law:
(1.29)
B1
i
=
µ0
2w + 2d
with w is the width of the strip and d is the distance beween the ground planes.
The resistance R of the stripline coil is determined by the length L and width w of the
constriction, with the skin depth δ:
(1.30) R = ρcopper
L
2 ∗ w ∗ δ
Comparing these figures with the solenoid geometry a
√
2 larger SNR is expected, so it
can be concluded that the stripline is a more sensitive design for the same experiment.
In microcoil design, the sample is close to the rf coil and so local variations of the
B0 field arising from susceptiblity mismatch can have a detrimental effect on the
attainable resolution. The relatively long copper stripline structure parallel to the
B0 field, facilitates a high resolution, since an infinitely long homogeneous structure
parallel to the B0 field does not influence homogeneity of the field66. In practice, the
stripline copper structure has some effect on the resolution, but optimisation of stripline
geometry and susceptibility matching of the gap between the copper structures on
the substrate minimises susceptibility broadening, which further increases resolution.
In Chapter 3 it is shown that the resolution is very sensitive to irregularities of the
substrate.
Badilita et al32 give an overview, which compares experimental results of sensitivity
and resolution for selected microcoils as reported in literature, showing very wide
ranging values for resolution from 2600 to 1.8 ppb (parts per billion). The stripline
NMR chip mentioned in this overview has a 80 ppb (50 Hz) linewidth66. However,
the resolution of stripline chips has improved since, by optimisation of the design,
reaching a linewidth of 0.7 Hz (1.2 ppb)56. The current stripline chips, demonstrate
typical linewidths of around 2 Hz (3 ppb), and when using a plug of ethanol even
0.5 Hz (8.0 ppb) can be obtained, as shown in Chapter 2. These values are among the
highest resolutions reported in the overview.
Besides the stripline NMR chips used in this thesis, recently also a similar double-
stripline has been developed by Utz et al68, 69. This chip has a larger detection volume
2 µl, the design focuses on an integrated microfluidic setup, and the geometry was
optimised on sensitivity and rf homogeneity. A good resolution (1.7 Hz) and excellent
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sensitivity is obtained. The microslot probe is a variation on the planar waveguide
design, where a hole in the strip is used as a detection area, however, it does not
use ground planes to homogenise the B1 field. A 25 nl volume microslot coil was
developed by Maguire et al.70, and a 10 nl detection volume design by Krojanski
et al.71. Furthermore, a double microstripline consisting of two parallel stripline
structures with the sample in between, was succesfully used for MRI microscopy72.
Characterisation
The ideal NMR rf coil combines high resolution with high sensitivity. High resolution
ensures that the resonance frequency of the nuclei is precisely determined, and results
in a small linewidth, standardized by the full width of the peak at half maximum
(FWHM in Hz). The efficiency of the probe is characterised by the B1 rf field in
the detection volume, specifically the rf field strength which is determined by the
B1/i factor, and the rf homogeneity (A810/A90), which is of importance for complex
pulse sequences. Rf field strength and rf homogeneity are obtained from a nutation
experiment, see Figure 1.2. The sensitivity is measured by the SNR of a spectrum or
the FID, or the limit of detection (LOD), which is related to the single-scan SNR in
the time domain:
(1.31) LOD =
NS
SNRtSS ∗
√
∆SW
taking into account the amount of spins in the detection volume (NS) and the bandwidth
of the experiment ∆SW .
Badilita et al.32 give an overview of resolution and normalised LOD for 20 microcoil
NMR detectors. Finch et al.68 compare the concentration LOD calculated from the
same results. Both comparisons confirm that roughly the smaller the detector diameter,
the lower the LOD.
1.4.2 Overview of stripline NMR chips
As shown above a miniaturised detection coil gives a better mass sensitivity. The
stripline NMR microcoil aims for a high resolution with high sensitivity for limited
detection volume. In this work, three generations of stripline NMR chips were used,
shown in Figure 1.6. For clarity here an overview is given. Fabrication details of the
chips can be found in Ref. 73 and Appendices B.1 and B.2. In this section, some
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Figure 1.6: Three generations of stripline NMR chips
practical aspects are discussed.
In general, the stripline coil is a copper structure electroplated on a silicon, glass or
fused silica (FS) substrate. The choice of a substrate depends on processing aspects
(as bonding, etching, dicing may be needed), electronic properties of the material
(dielectric permittivity r, and tan δ representing losses at the substrate) and moreover,
the material should be proton-free so that the substrate does not contribute to the
spectrum.
After the first prototype stripline NMR chip gave promising results66, the chip (I) in
Figure 1.6 was developed by Bart et al.56, 73 The chip (I) is made of two FEP bonded
silicon layers with amorphous silicon (α-Si) deposition for surface passivation to pre-
vent losses at the substrate. One layer contains a stripline structure with the detection
volume defined by the constriction (1x5mm) in the middle, where the B1 field is high.
The other silicon layer contains an etched microfluidic channel (300 µm deep) with
inlet and outlet through this substrate layer, and a deposited copper shielding plane
at the outer side. The sample volume is 1.125 µl. The chip was used for preliminary
acetylation reaction kinetics experiments and small volume sample analysis55. Un-
fortunately, the sensitivity of the chip was lower than expected, which was attributed
to losses in the substrate. Moreover, as the analyte came directly in contact with the
copper structure on the chip, and the microfluidic inlet and outlet components were
screwed onto the backside of the chip, over time the chip’s performance deteriorated
due to fracture and damage.
Bart’s thesis73 describes the development of a new generation glass chips (II). Here,
borosilicate glass was used as a substrate, which is easier to process and the sensitivity
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was expected to be less affected by losses at the surface of the material. On both
sides of the stripline structure a isotropically etched microfluidic channel was present,
so that the two microfluidic channels can be used simultaneously, for example for
doubling the detection volume or deuterium locking. Standard FS capillaries are glued
into the holes on top and bottom of the chip to serve as an inlet and outlet, which
subsequently could straightforwardly be connected to a standard microfluidic setup.
Two versions of this design have been produced. Figure 1.6 IIa shows the first chip
with a thickness of 630 µm and the detection volume 245 nl per channel. This chip
is used in Chapter 3. The thickness of the second chip IIb is 460 µm, the detection
volume for one channel is 165 nl. This chip is used in Chapters 3 to 6. Unfortunately,
the sensitivity was not as high as aimed for as ionic species in borosilicate glass lead
to dielectric losses. Furthermore, to optimise the filling factor very thin substrates
were used in the chips, which made the chips very fragile. Leakages occurred in the
substrates and microfluidic connections, after which the chips could not be operated
anymore.
Both previous designs were affected by the microfluidic contact with analyte, therefore
it was concluded that for durability a more robust design is needed in which contact
with the sample is prevented. At the same time, to ensure high sensitivity the use of a
low loss substrate is crucial, which led to the choice of fused silica (FS) as a substrate
in chips (III). A disadvantage of FS, however, is that the material is more difficult to
process. Therefore, a different design is used in which processing steps such as ething
are unnecessary. The sample is contained in replacable FS capillaries, which are placed
into the chip so that the fluidic sample does not come into contact with the material
of the chip. This does not only prevent leakages in the microfluidic connections, but
also enables experiments on small samples in a static plug. A replacable capillary as a
sample holder gives many advantages in flexibility of the experiment, purity of the
sample and durability of the chip, but as a disadvantage, the filling factor is decreased
in comparison to the previous designs.
Two versions of this chip were made, see Figure 1.6 III. Version a) consists of two FEP
bonded FS layers, on one of the layers a copper stripline structure has been deposited.
Both halves have a diced microfluidic channel through which a FS capillary can be
placed, containing the sample in a plug or connected to microfluidics. Copper shielding
is applied surrounding the chip by using a copper foil. This chip with diced channels
is used in Chapter 3, fabrication details can be found in Appendix B.2. Although
good sensitivity was obtained, the diced channel appears to be too rough, resulting in
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irregularities and disturbances in the homogeneity of the field, affecting the resolution.
Therefore, a second design was developed, version b) which has the same substrate
but an alternative sample holder. Here, FS capillaries function as spacers between
stripline and shielding replacing the FS substrate with the diced channel. Copper
shields are deposited on FS substrate to add more stability. For support and electronics,
a copper box contains the chip and sample. This chip gave both high sensitivity and
good resolution and is used in Chapter 2 on small volume samples.
1.5 Conclusion
NMR spectroscopy is a powerful analytical tool, based on the precise measurement of
the resonance frequencies of nuclear spins. As these NMR frequencies are influenced
by structural properties of the molecule, a wealth of information is contained in the
NMR spectrum. In order to measure an NMR spectrum, the sample is placed in a
static magnetic field, which polarises the nuclear spins. After applying an rf pulse, the
collective magnetisation vector precesses with Larmor frequency ω0 in the magnetic
field, which induces a signal containing frequency information. Since the energy
difference between energy levels is very small, and the population differences are
governed by the Boltzmann distribution, the sensitivity of the NMR spectroscopy
experiment is relatively low. For several applications, such as analysis of natural
products, high throughput screening or reaction kinetics, it can be a problem to acquire
sufficient signal in a given amount of time. Sensitivity enhancement is therefore a
much investigated topic for these kind of applications. The sensitivity of an NMR
experiment can be influenced by different factors, including hardware, non-Boltzmann
distribution and miniaturisation. As the SNR relates to B1/i which is proportional to
the inverse diameter of the coil, the smaller the coil the higher the sensitivity per unit
mass. So for mass-limited samples, matching the size of the NMR coil to the sample
increases sensitivity, which is realised in microcoil NMR. Furthermore, coupling of
a microNMR coil to a microfluidic device enables continuous flow measurements.
One of the possible microcoil designs is the stripline NMR chip. In this thesis, the
stripline NMR chip is applied for measurement of mass-limited samples (Chapter 2),
continuous flow NMR (Chapter 3), in situ reaction kinetics (Chapter 4 and 5) and
hyphenation of electrochemistry to microNMR (Chapter 6).
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Abstract
Nuclear magnetic resonance (NMR) spectroscopy is of significant use for the analysis
of biological samples, for example. However, since the sensitivity of this technique is rela-
tively low and the amount of available sample may be low in some cases, it can become a
problem to achieve a sufficient signal-to-noise ratio. Therefore, much research is focused
on the development of a high resolution and high sensitivity of the spectroscopic NMR
tool. One of the approaches to increase sensitivity is miniaturisation of the NMR coil.
The stripline NMR setup presented here consists of an NMR microcoil equipped with
a lock coil and is evaluated for NMR experiments performed on sample plugs of 150 nl.
We succesfully measured low concentrated plugs, mouse cerebrospinal fluid (CSF) and
plant hormones (strigolactones).
2.1 Introduction
NMR spectroscopy can provide very detailed information about molecular structures,
by probing not only the molecules, but also the surrounding of the nuclei. Therefore,
it is an invaluable tool for analysing biological samples.
The NMR signal results from the Boltzmann distributed population difference between
the high and low energy state, which occurs when the nuclei interact with a magnetic
field. As both the energy difference between the high and low energy states and the
population difference is very small, the sensitivity is much lower in NMR spectroscopy
than in other spectroscopic techniques1, 2, 3.
The sensitivity of the NMR experiment is related to the obtained signal-to-noise ratio
(SNR). Repeating Eq. (1.22), Hoult and Richards’4 definition of the SNR:
(2.1) SNR =
k0
B1
i VsNγ~
2I(I + 1)ω20
(kBTsample3
√
2)
√
4kBTcoilR∆f
or rewritten and collecting all constants in C:
(2.2) SNR = C
(B1/i)N√
TR∆f
B1/i is the transverse magnetic field generated by a current i,N is the number of spins
in the effective detection volume (Vobs), ∆f is the spectral width of the experiment, R
is the resistance of the coil and sample.
2.1. Introduction 43
Approaches to enhance sensitivity can be derived from this formula and explain
the focus on increasing the magnetic field B0, lowering the temperature Tcoil (cryo-
probes), optimising the filling factor and thereby the number of spins N in Vobs,
increasing the population differences (eg. hyperpolarisation, DNP, parahydrogen) and
miniaturisation2, 3.
From the principle of reciprocity4, 5, 6 it is derived that the factor B1/i increases for a
smaller coil, and therefore miniaturisation of the coil improves the sensitivity of the
NMR experiment for mass-limited samples. Several microcoil designs are known from
literature2: the wound solenoid, planar microcoils and stripline/microslot. The latter
is used here and has the advantages that the rf field is homogeneous, the filling factor
is high and the design is scalable7, 8.
For mass limited samples it is interesting to consider the filling factor ffill and observe
factor fobs 9. The coil volume Vcoil is defined as the total active volume from which an
NMR signal can be obtained, i.e. the volume within or near the coil where magnetic
energy is sufficiently concentrated and within a certain range of homogeneity. The coil
volume depends not only on the design parameters, but also on coil geometry. A shown
theoretically by Hoult and Richards4 for a homogeneous B1 field in the solenoid’s
sample volume, the energy stored in the sample volume is:
(2.3)
1
2µ0
∫
sample
B21dV ∼
1
4µ0
∫
allspace
B21dV
Thus, for a solenoid half of the magnetic energy is stored outside of the coil. In
this respect, in a stripline ”coil” the magnetic energy is more efficiently used, as
the magnetic energy is concentrated in the coil volume, since it is confined by the
boundary planes. For a planar coil where the magnetic energy rapidly diminishes out
from the surface, the magnetic energy in the sample is much lower.7. In practice, the
homogeneity of the field is important for NMR measurements and can be accounted
for by defining the volume where theB1 field does not deviate more than (for example)
10% from its value at the centre of the coil. Van Bentum et al. evaluated the rf field
for a solenoid, a planar coil and a stripline, respectively, which showed that 15%, 4%
and 50% of the magnetic energy is concentrated in the effective sample volume with
less than 10% deviation from central field. The detection (observe) volume Vobs is the
active volume of a coil that can be occupied by the analyte, which can be limited by
the wall thickness of the sample volume or capillary. The filling factor is the fraction
of coil volume occupied by the sample ffill = Vobs/Vcoil. When the filling factor is
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high, the coil’s magnetic energy is efficiently used. In contrast, the observe factor fobs
reflects the efficiency of sample observation. fobs is the fraction of total volume of the
sample required for the NMR measurement Vtotal that is actually inside the detection
volume at a measurement: fobs = Vobs/Vtotal.
In the design of the stripline NMR chip some progress has been made in optimising
fobs while the high resolution is maintained. A homogeneous field is obtained by
sandwiching the stripline coil structure between parallel copper shielding plates. In
this chip, this is achieved by separating the stripline chip and the shielding plates with
minimal distance using spacer capillaries the same diameter as the sample capillary.
A lock channel has been incorporated, which is important for long measurements of
low concentrated samples, to prevent line broadening due to drifting of the external
magnetic field. A plug of sample is prepared in a replaceable fused-silica (FS) capillary
to optimise fobs, enclosed between fluorinert to prevent susceptibility mismatch10.
The sample plug is positioned at the sensitive region of the stripline. If the sample
plug is the same length as the stripline’s constriction length (i.e. 3 mm), all of the
sample is in the coil’s active volume during measurement so that fobs ∼ 1.
In this Chapter, first the setup is characterised by standard samples (ethanol and 17-α
estradiol). To test the usability of the setup for mass limited samples, compounds
are analysed that are inherently mass-limited: cerebrospinal fluid (CSF) of mice and
strigolactones (plant hormones).
2.2 Experimental setup
2.2.1 Stripline chip
Figure 2.1 shows the stripline NMR chip used for the experiments. The detection
volume of the NMR chip is approximately 150 nl, the sample is contained in a fused
silica (FS) capillary. The copper stripline rf coil is deposited by sputtering and elec-
troplating on a fused silica (FS) substrate (500 µm thick), such as described in more
detail in Appendix B.2. The constriction in width in the middle of the stripline defines
the area where the radio frequency (rf) field is highest and therefore this is also the
sensitive region of the strip7, 8. A FS capillary (360 µm outer diameter, 250 µm inner
diameter) containing the sample, is placed into the chip. A copper mirror plane is
similarly deposited on a FS substrate and used as shielding. On the left and right edges
of the chip, FS capillaries (360 µm outer diameter) are placed as spacers, ensuring
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Figure 2.1: Showing the top part of the probe with mirror plane removed, the stripline chip
without sample, a 150 nl sample plug covering the detection area and a schematic of the chip.
stability of the stack. The capillaries are guided through the casing on top and bottom
of the chips stack, which holds the stack into place.
2.2.2 Lock channel
For lowly concentrated samples, acquisition times can be long as accumulation of
many scans is needed to obtain sufficient SNR. The magnetic field strength may then
drift to some extent during the experiment, giving rise to broadening of the peaks in
the spectrum. The lock, specifically the field frequency lock, used in conventional
NMR experiments, controls the magnetic field in the sample in such a way that the
resonance frequencies do not drift. Typically, the measured resonance frequency of
deuterium in the sample’s deuterated solvent is used to correct for any drift.
To prevent line broadening when measuring low concentrated samples, a lock channel
is installed on the home-built probe. Figure 2.2 shows pictures and schematic of
the lock channel. The 600 MHz Varian console has a lock input that is tuned to the
resonance frequency for deuterium. The X-channel of the probe can be disconnected
from the probehead X-rf input at point A and be used as a lock channel for deuterium.
A compensating current is added to the Z0 coil room temperature shim of the magnet
so that the original value of the 1H frequency is restored. All other frequencies used in
the experiment are coupled to the frequency of the lock channel.
A strong deuterium lock signal is needed as a reference. The solvent in the sample,
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however, does not give a strong enough signal. Also, adding the second microfluidic
channel at the other side of the stripline (see Figure 2.1), does not result in sufficient
strong lock signal. Therefore, a separate coil is attached to the probe for this purpose.
A small coil made from 26AWG isolated wire, 9 turns, and an inner diameter of 1.5
mm is horizontally mounted at one side of the aluminium cylinder which holds the
stripline chip. The axis of the lock coil is aligned with the center of the stripline chip.
Inside this coil, a capillary with a length of about 8 mm containing the deuterium
sample, is placed. A clamp around the aluminium cylinder is holding the small lock
coil in position and connects it to ground. The other end of the coil is soldered to point
A instead of the probehead X-rf input. The tune- and match capacitors are the same as
used for the original X-channel but are tuned and matched to the resonance frequency
of deuterium.
Figure 2.2: Showing the top of the probe with the lock coil, lock sample, and a schematic of
the circuit
2.3 Measuring a plug of low-concentrated sample
The proximity of the sample to the microcoil makes it sensitive to magnetic field dis-
tortions. Volume magnetic susceptibility (ξv) mismatch may arise from discontinuities
from the interfaces of sample volume with air in the capillary, which should be pre-
vented in order to optimise the resolution10, 11, 12. One way to prevent line broadening
due to susceptibility mismatch is to have the sample plug significantly longer than the
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Figure 2.3: Proton spectrum of a plug of 150 nl ethanol (70%)
coil length. In our case we take the plug as long as the stripline plus the wings, since
the field strength drastically decreases outside of the constriction. Alternatively, to
optimise the efficient use of the sample, i.e. to optimise fobs, the sample can be con-
centrated in a plug and enclosed between fluorinert (FC43), a perfluorocarbon liquid
which has the same magnetic susceptibility as copper and therefore also increases the
resolution.
To prepare a capillary containing a plug of sample, the FS capillary is first filled with
about 2-3 cm fluorinert. Then the desired amount of sample is drawn in, taking care to
prevent air bubbles. The fluorinert gives a clear interface with the sample and does
not mix. Finally, the rest of the capillary is filled with fluorinert.
For characterisation of the chip a 150 nl plug of 70% ethanol in water, enclosed
between fluorinert, is used. From a single scan measurement, shown in Figure 2.3,
the resolution and limit of detection (LOD) are obtained. A resolution of 0.5 Hz (full
width at half maximum) is estimated from the triplet. The lineshape suffers from a
broad ”foot”, arising from shimming difficulties.
The signal-to-noise ratio (SNR) of the triplet is 1593 for the applied experimental
conditions, which corresponds to a LOD of around 8 · 1013 spins/√Hz, which is
only a factor 3.5 more than the calculated theoretical minimum value of 2.43 · 1013
spins/
√
Hz. For a sample capillary over the full length of the chip filled with ethanol,
the resolution broadens to more than 2 Hz. The SNR for the entirely filled cappilary is
1661, from which a LOD of around 7.5 · 1013 spins/√Hz is obtained.
A plug containing 150 nl 10 mM 17α-estradiol solution in methanol-d4 was prepared.
The amount of 17α-estradiol in the plug is 1.5 nmol or 400 ng. A 1024 scans spectrum
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(a) 17α-estradiol (b) Proton spectrum of 150 nl plug of 10 mM 17α-estradiol, 1024 scans.
For processing, 0.5 Hz Lorentzian line broadening, zero-filling up to 64000
points and baseline correction were applied. Insert: zooming into the
aromatic region. The peaks with green and red star give an SNR of 23 and
205, respectively.
Figure 2.4: Molecular structure and spectrum of 17α-estradiol
is acquired while using the lock-function, as is shown in Figure 2.4b. From the
multiplets in the aromatic region we can estimate a SNR of 23 (doublet with green
star) and for the highest peak 205 (peak with red star).
The resolution obtained from the doublet is approximately 6 Hz (FWHH), which is
not as good as on the ethanol sample in Figure 2.3. A drawback of this setup with low
concentrated samples, is that the sample is not concentrated enough to give sufficient
single scan intensity for optimal shimming. The lock sample, in conventional NMR a
very useful tool for shimming, can also not be used because it is not at the same position
as the measurement sample. Changing the sample to a reference sample for shimming
is not an option in this setup, since this would involve taking out the probe and opening
the chip for replacing the FS capillary. Shimming may be possible in most cases on
water or another solvent peak, but this gives not as accurate a result as shimming on an
ethanol plug. Using a microfluidic stopped flow setup might solve this problem, since
low concentrated sample plugs for analysis can follow sample plugs containing ethanol
for shimming without altering the setup. However, the conventional shim coils are not
very well suited for shimming on microcoils, since the sample and coil are relatively
small, lead to large field gradients and are difficult to position in the exact centre of
the magnet. Recently, a Shim-on-Chip system has been developed which solves this
shimming problem, by attaching a flat ribbon cable with 40 wires to the chip, through
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which locally applied shim currents improve the lineshape significantly13.
The effect of measuring with a lock can be observed from Figure 2.5, in which 8 blocks
of 128 accumulated scans and the summation of the 8 blocks are shown. Without using
the lock function (Figure 2.5a), a drift can be observed over approximately 10 Hz in a
experiment time of 2 hours. When the blocks are summed the lines in the spectrum
are visibly broadened. When using the lock function (Figure 2.5b), the magnetic
field drift is corrected for and the variation between the blocks is diminished. An
overall improvement of the resolution in the accumulated spectrum results. Since
it is rather time-consuming to manually correct for magnetic field drift, especially
for measurements of large amounts of samples or very long measurements (eg. 2D
spectra) the ability to use a lock function is a great benefit.
(a) Without lock (b) With lock
Figure 2.5: CSF spectra of same sample, a) without lock, b) with lock: both accumulating 8
blocks of 128 scans.
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2.4 Metabolites in mouse CSF
Metabolites are small molecules, the intermediate and end products of metabolism
which are present in microbial, animal or plant biofluids, such as urine, saliva, serum,
blood plasma, cerebrospinal fluid (CSF) or plant sap. Metabolomic processes give
insight into the functioning of the biological system and changes in metabolite con-
centrations reflect the reaction of the system to stimuli (environment, medicine, dis-
ease)14, 15.
The analytical tools routinely used in metabolomics are mass-spectroscopy (MS with
separation in liquid or gas chromatography (LC-MS or GC-MS)) or NMR. Advantages
of NMR are that the experiments can be done quantitatively and non-destructively,
identification of novel compounds is possible, and sample preparation steps are usually
not as laborious16. The wealth of information of a metabolomic spectrum can be
viewed as an advantage as well as a challenge. A disadvantage of NMR in this field,
however, is the low sensitivity compared to MS15.
If only very limited amounts of sample is available, due to limited availability of
the sample17, 18 or because of a limited amount of sample per individual19, 20, it can
become difficult to measure the sample in conventional NMR. Special procedures
or pooling may be required. An example of limited volume NMR is the absolute
quantification of metabolites in larvea of the fruitfly Drosophila melanogaster 21. The
volume of the hemolymph of the larvae ranges between 700 and 250 nl, and the
obtained metabolite concentrations 70 mM to 50 µM. To enable quantification of these
concentrations, it is necessary to precisely determine the sample volume. For this
purpose Ragan et al21 developed a procedure using two internal standards (VDTS).
In another example, metabonomics study is used for enabling the early detection of
epithelial ovarian cancer17. Detection in an early stage greatly improves chances of
survival and might be possible via serum. The availability if serum is, however, very
limited, and therefore a minimum amount of sample (20 µl) was used in a microflow
probe to efficiently analyse the samples in order to find biomarkers for this disease17.
CSF is used for study and detection of neurological diseases, such as meningitis,
schizophrenia, Huntington’s disease, Alzheimer’s disease or multiple sclerosis16. Hu-
man CSF has been succesfully measured previously in a stripline NMR setup22. Some
advancements in the current setup include the replaceable capillary, so that the sample
volume can be efficiently used (for a plug smaller than the length of the stripline
fobs = 1) and the lock channel to minimise line broadening in long measurements.
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The amount of human CSF is usually sufficient to be measured in conventional NMR,
however for a mouse study only a limited amount is available per mouse (5-7 µl ante
mortem, serial sampling18, 23, 24).
The objective of our experiments is twofold, first we make a comparison of the mouse
CSF measured in the stripline NMR chip with part of the same sample measured in
conventional NMR, and second, we analyse the samples measured under the original
condition, to evaluate the setup for analysing these type of unprocessed samples.
2.4.1 Experiments
Sample preparation
The first sample was measured in stripline NMR as well as in conventional NMR
(sample 1 in Figure 2.6). Approximately 10 µl CSF sample from a single mouse
was freeze-dried and subsequently dissolved in 2 µl D2O. From this solution, 150 nl
was taken for the stripline NMR measurement, while the remainder was used for the
conventional NMR measurement. For the stripline NMR measurement a FS capillary
was prepared as described above containing a 150 nl sample plug (3 mm length)
enclosed between fluorinert. For the conventional NMR measurement the remaining
1850 nl of CSF solution was diluted with buffer solution (D2O with PBS pH buffer and
100 µM trimethylsilyl propanoic acid (TSP) as an internal standard) to a total volume
of 200 µl, measured in a Shigemi tube. The resulting stripline plug contains 7.5% of
the sample, which is 5 x concentrated relative to the original CSF. The conventional
NMR sample is approximately 100 x diluted.
The other sample capillaries (sample 2-4 in Figure 2.6) are prepared without any
processing of the CSF. Sample 2 contains a 3 mm plug enclosed between fluorinert,
sample 3 contains a 5.5 mm plug enclosed between fluorinert and sample 4 is a entirely
filled capillary, covering more than the stripline and wings. Sample 1 has been prepared
immediately after thawing the frozen samples, whereas samples 2-4 have been prepared
after 2 years, this long storage period can affect the concentrations in the sample.
NMR measurements
The conventional NMR spectrum has been acquired using a Bruker 600 MHz spec-
trometer, accumulating 1024 scans, with an acquisition delay of 3 seconds. The total
measurement time was 1 hour and 4 minutes. The stripline NMR spectra were mea-
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sured in the setup as described above. All spectra are a accumulation of 1024 scans,
with an acquisition delay of 3 seconds. The total measurement time was about 1 hour
and 10 minutes per spectrum.
For processing, the FIDs were zero-filled up to 64000 points, 0.5 Hz line broadening
was applied, and Asymmetric Least Squares25 baseline correction for the stripline
spectrum.
2.4.2 Results and Discussion
The stripline NMR and conventional NMR spectra of sample 1 are shown on top in
Figure 2.6. The resolution of the stripline spectrum is approximately 2.7 Hz (FWHM)
and 1.0 Hz for the conventional NMR spectrum. Some concentration differences can
be observed, this could be due to the differences in processing or the storage of the
sample.
For a quantitative comparison of the sensitivity, the SNR of the lactate and glucose
peak is calculated for both spectra. For lactate at 1.23 ppm, we find a SNR of 97 for the
stripline spectrum and SNR is 250 for the conventional NMR spectrum, for glucose at
5.2 ppm, 23.5 and 14, respectively. In the conventional NMR spectrum the glucose
peak is diminished due to suppression of the large water peak. In the conventional
NMR sample, 100 µM TSP is used as an internal standard. From the TSP peak in
the conventional NMR spectrum, the concentrations of lactate (approximately 69 µM,
23 nmol in the detection volume) and glucose (63 µM) were estimated. Since the
stripline NMR sample is 194 times as concentrated as the conventional NMR sample,
the lactate concentrations is estimated 13.4 mM and the amount of lactate in the sample
volume is approximately 2 nmol.
The conventional NMR sample consists of about 10 times more material, but results
in only 2.5 times higher SNR, consequently the stripline NMR chip gives a factor 4
sensitivity enhancement (compared to 3.4 in the previous results22).
The spectra of sample 2 - 4 are shown in Figures 2.6 and 2.7, were taken without any
processing of the CSF, and measured in a stripline sample plug. It can be expected
that the spectra vary due to individual differences for each mouse, but also chemical
shift positions and line shapes can change due to differences in concentrations, pH,
salt concentration15. These variations are indeed observed within these spectra.
The SNR of the lactate peak in the sample plugs measured in the stripline NMR was
97, 197, 34, 67 for samples 1-4, respectively. For glucose SNR of 24, 84, 26 and
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Figure 2.6: CSF samples measured in stripline NMR chip and conventional NMR, sample 1 is
processed freezedried and dissolved in D2O, sample 2-4 are directly put into a capillary
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Figure 2.7: CSF samples measured in stripline NMR chip, zooming into the region 3.2-4 ppm
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23 were found. Unfortunately, without reference to either an internal or an external
standard the concentrations cannot be accurately determined.
Adding an internal standard is not straightforward for these small sample volume,
because the volume of the standard should be as small as possible, which is rather
impractical. Moreover, the concentration of the sample decreases relatively much if a
volume of standard is added. Therefore, an external standard using the second stripline
channel may be a better choice for this purpose, for exampe with CDCl3 with TMS, as
calibration. Stopped plug flow could be an option, in which a calibrated sample plug
may aid in quantification and shimming.
The sample plugs were prepared after long storage in plastic containers, so evaporation
and contamination is possible. It is imaginable that samples turn out more concentrated
at the time of measurement. For a mouse study keeping the CSF samples frozen would
be recommended in order to maintain original concentrations15.
While it can be difficult to know the exact amount of sample volume for small vol-
umes21, in the stripline setup with FS capillary the sample volume is precisely known
from measuring the length of the plug, if the detection volume is (more than) entirely
filled it is constant, namely 150 nl.
We conclude that mouse CSF we used as a test case has a relatively large volume for the
present stripline NMR chip, and is concentrated enough to be measured in conventional
NMR as well. However, the setup is suitable for these type of measurements and might
be especially of an advantage for serial sampling (individual mouse study), for precious
or very small volume samples. Furthermore, it was possible to obtain good spectra
from the CSF samples that were measured without applying any processing steps,
although proteins could be present. Using Shim-on-Chip13 would further increase
resolution and therefore spectral sensitivity. However, calibration is necessary to be
able to determine the concentration of metabolites. In the current stripline NMR chip
it is feasible to adjust the setup to enable flow. Measuring the samples in continuous
flow, or sample plugs in stopped flow, can be interesting for easier calibration and
determination of the concentrations.
2.5 Strigolactones
Strigolactones are plant hormones, root exudates functioning as signaling molecules,
released into the soil by host plants in very small amounts which rapidly decompose26.
Parasitic weeds (Striga, Orobanche and Phelipanche spp.) use strigolactones as a signal
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to germinate. The parasitic weeds deprive nutrients from their host plants, depending
on strigolactones to germinate in synchronisation with the host plant. Because of the
dramatic effect on the food crop, much research is focused on strigolactones in order
to find an effective control for the parasitic weeds26, 27, 28, 29.
Apart from their role as germination stimulants, it was recently discovered that strigo-
lactones also function as host detection signals in arbuscular mycorrhizal (AM) fungi.
Root colonization of AM fungi is a beneficial and important symbiosis for plants, since
they receive photosynthates (sugars produced by photosynthesis) while supplying
water and nutrients to the AM fungi. Strigolactones are essential signaling molecules
for localisation of the AM fungi. Moreover, research is ongoing to explore the function
of strigolactones in shoot branching29. Altogether, the role and mechanisms of the
strigolactones is complex.
The general structure of naturally occurring strigolactones is a tricyclic lactene (ABC),
which is attached via an enol ether bridge to a butenolide ring (D), similar to for example
the synthetic compound GR-24 depicted in Figure 2.8b. Structural requirements
such as the stereochemistry and/or the configuration of the C-D ring are essential for
germination activity30, 31, 32, 33.
Studying the activity of synthetic analogues of natural strigolactones provides under-
standing about the influence of the structure and more precisely the stereochemistry of
the molecules in relation to their activity34, 35, 36. In order to unravel the molecular
structure of strigolactones and gain full insight into the mechanisms involved, spec-
troscopy is an important tool. However, the available amount of sample often is very
limited, which hinders a full analysis26, 29. A microfluidic spectroscopic device, such
as the stripline NMR chip, therefore may assist in studying in more detail the mass-
limited strigolactone samples, either synthetic or natural. Here, we aim to evaluate the
stripline NMR setup for this purpose. In these experiments, we analyse 8 synthetic
strigolactones, available in 0.7 to 5.4 mg, using both stripline and solid state NMR
spectroscopy.
2.5.1 Experimental
Synthetic analogues of SL
The synthetic analogues of strigolactones that were analysed in the experiments: Nij-
megen -137, GR2438, fast and slow moving diastereoisomers of 6-methyl-GR24 (6-Me-
GR24 fast and 6-Me-GR24 slow), 8-methyl-GR24 (8-Me-GR24 fast and 8-Me-GR24
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slow)35 and desmethylsorgolactone (DMSL fast and DMSL slow)34. The molecular
structures are depicted in Figure 2.8.
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Figure 2.8: Molecular structures of synthetic analogues of strigolactones
NMR measurements
For the stripline NMR measurements, strigolactone powders were dissolved in CDCl3
and measured in the stripline NMR probe on a 600 MHz VNMRS Varian spectrometer.
The amount of material used for the experiments was estimated to be around 0.3 mg
for each sample, which was sufficient to obtain a highly concentrated plug in most
cases.
The FS capillaries were prepared with a plug long enough to cover the detection area
and the wings of the stripline chip were the rf field is highest. The plugs were not
enclosed between fluorinert, so that the sample can in principle be recovered after the
experiments. Depending on the concentration of the sample, the amount of scans was
16, 64 or 1024. Furthermore, total correlation (TOCSY) spectra were acquired with 60-
80 µs mixing time. For the synthetic analogue 6-Me-GR24 slow a 1H-13C correlation
spectrum (HMQC) was acquired with 128 increments of 16 scans.
For the solid state NMR experiments, a 1.2 mm HX MAS probe was used on an
850 MHz Varian VNMRS spectrometer. The magic angle spinning (MAS) speed was
55 kHz for all samples except Nijmegen-1 at 12 kHz and 8-Me-GR24 slow at 40 kHz.
The 13C spectra were obtained using tangent cross polarisation (Hartmann-Hahn39)
CP/MAS pulse sequence40, 41. The number of scans varied between 6000 and 7500
scans, a relaxation delay of 5 seconds was used. The spectra were acquired with short
(1 ms) and long (4 ms) cross-polarisation contact time.
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A 1H-13C correlation spectrum of GR24 was acquired using a HETCOR sequence42,
with 128 increments and accumulating 500 scans. A relaxation delay of 4 seconds was
taken into account, with a short cross-polarisation contact time (1 ms).
Both DMSL samples were available in less than 1 mg, which was not sufficient to fill
the 1.2 mm rotor.
2.5.2 Results
Stripline NMR measurements
The strigolactone powders (∼ 0.3 mg) were dissolved in CDCl3, and sample capillaries
were prepared as described above. Figure 2.9 shows the 1H spectra measured in the
stripline NMR, and some of the total correlation (TOCSY) spectra in Figure 2.10a
and in Figure A.1 in Appendix A.1. In the TOCSY spectra peaks belonging to the
ABC ring and the D ring can be distinguished, which enables assignment of the peaks
in the crowded area. Using literature data35, 43, 34, 44 and the TOCSY spectra, the
peaks could be assigned and an overview is given in Table A.1 in Appendix A.2.
Small chemical shift differences are found in the aromatic region of the slow and fast
diastereoisomers. Structural differences between GR24, 6-Me-GR24, 8-Me-GR24 and
DMSL are reflected in the A-ring in Figure 2.8. From GR24, the multiplet at 7.23 -
7.49 ppm is expected to split up and shift up to 0.2 ppm downwards for 6-Me-GR24
(7.06, 7.11 and 7.40) and 8-Me-GR24 (7.04, 7.04 and 7.22), and towards 2 ppm for
DMSL. These shifts are indeed observed in the spectra measured in the stripline NMR,
so the resolution is sufficient to obtain this type of structure information.
In the stripline NMR setup 13C spectra could not be measured in a reasonable amount
of time. However, a Heteronuclear Multiple-Quantum Correlation (HMQC) spectrum
could be obtained. Figure 2.10b shows the HMQC 1H-13C correlation spectrum of 6-
Me-GR24 slow. From this spectrum, some 13C peaks can be assigned, as summarised
in Table A.2 in Appendix A.3. The measurements are in agreement with the sample
description and no impurities are observed.
Solid state NMR measurements
Since the amount of sample was not sufficient for 13C NMR measurements in the current
setup, more concentrated samples are needed. Obviously, the highest concentration
that can be attained is simply analysing the samples in the solid state. Depending on
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Figure 2.9: 1H NMR spectra of synthetic strigolactones, measured in the stripline NMR chip
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(a) TOCSY (red: D-ring, blue: ABC structure) (b) HMQC
Figure 2.10: TOCSY and HMQC 1H-13C correlation spectrum of strigolactone 6-Me-GR24
slow, measured in the stripline NMR chip
available sample quantities small diameter rotors have to be used. Here, we use a 1.2
mm HX MAS probe, in which the samples of more than approximately 1 mg could be
fitted.
The CP MAS 13C solid state spectra of Nijmegen-1 and GR24 derivatives are shown
in Figures 2.11. Both short and long contact time spectra are shown, for short contact
time (in blue) the quaternary carbon atoms give a less strong signal, which is useful
information for assigning the peaks. Unfortunately, the spectra of 6-Me-GR24, which
was available in only limited amount, and the rotor could not be packed properly, gave
not enough SNR to be able distinguish the peaks. This also holds for Nijmegen-1
to a lesser extent, although some peaks can be detected in the spectrum at similar
chemical shift position as the GR24 derivative peaks, except for the OMe peak at around
50 ppm, which is not present in the GR24 type molecules. Table A.2 in Appendix A.3
gives an overview of the chemical shifts of the peaks. Using this information in
combination with literature35, 43, 44 and chemical shift estimations made by ChemDraw
(CambridgeSoft), the peaks could tentatively be assigned. The atom numbers from
Figure 2.8 are indicated at the peaks in the spectra.
The spectra look very similar, as can be expected as the chemical structure of the
strigolactones are not very different. Chemical shift differences are most pronounced
in the aromatic region (i.e. for atoms 5, 6, 7, 8ab), since the methyl group of 6-Me-GR24
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Figure 2.11: Solid state 13C NMR spectra of strigolactones. Short contact time (blue) and
long contact time (orange), reduced signal for short contact time indicates quaternary carbon
atoms.
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Figure 2.12: HETCOR 1H-13C spectrum of GR24. The carbon atom numbers are given on top,
with the carbon nuclei with protons attached in red.
and 8-Me-GR24 is attached to the A-ring. A comparison of the spectra of the slow
and fast moving diastereoisomer 8-Me-GR24 shows small chemical shift differences
for most of the peaks, see Table A.2 (Appendix A.3), the peak of 3a is split for the
fast diastereoisomers. GR24 is a mixture of fast and slow moving diastereoisomers,
which is observed in the 13C spectrum as double peaks from the two compounds, most
clearly for nuclei from the C- ring and D-ring (7’, 3a, 8b, 2’ and 3), but possibly also
for peaks in the region above 100 ppm, which is more difficult to observe because of
crowding and lower peak intensities.
To give an indication of the sensitivity of the measurements, the SNR was calculated
from the FID for two samples. For the spectrum of 6-Me-GR24 fast, the SNR is
approximately 29 with 7000 scans, or corresponding to 0.35 for a single scan. For
8-Me-GR24 fast, the SNR is 21 with 7500 scans, or corresponding to 0.25 for a single
scan.
For sample GR24 a 1H-13C correlation spectrum was measured, shown in Figure 2.12.
The cross peaks from the protonated carbon nuclei could be clearly observed, except
for carbon atom 6. Some crowding in the aromatic region is present, the resonances of
atoms 5, 6, 7 and 8b overlap.
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2.6 Discussion
In this Chapter, a set of small volume samples have been measured in the stripline
NMR setup. The resolution of these spectra was 0.5 Hz for a plug of ethanol (70%,
single scan) and a linewidth of around 3 Hz can reasonably be achieved for the low
concentrated mouse CSF samples with the use of a lock function. Deviations from
these linewidths occur, such as 6 Hz for estradiol (10mM), due to not being able to
shim properly. The current experiments suffer from having broad linewidths at the
bottom of the peaks, which can become a problem for overlapping peaks and low
intensity peaks. However, with the recent developments of a Shim-on-Chip13, higher
resolutions can be expected which also improve the SNR, approaching the resolution
of 1 Hz obtained in the conventional NMR setup. For the strigolactones, structural
differences between GR24, 6-Me-GR24, 8-Me-GR24 and DMSL are reflected in the
A ring in Figure 2.8. These shifts are indeed observed in the spectra in Figure 2.9
measured in the stripline NMR, so the resolution is sufficient to obtain this type of
structure information.
The sensitivity of the stripline NMR chip is estimated for a 150 nl sample of 70%
ethanol, from which an LOD of 8 · 1013 spins/√Hz is obtained. A 1H NMR spectrum
of 150 nl of 10mM 17α-estradiol was obtained accumulating 1024 scans, resulting in
a SNR of 205 for the highest intensity peak in the spectrum and 23 for a peak in the
aromatic region. Metabolites concentrations in mouse CSF vary between the samples.
In sample 1 the lactate concentration is much higher than in the samples 2-4. Part of the
other peaks in the spectrum are comparable to the lactate peak, although some are much
lower. From sample 1 it was estimated that the lactate concentration is approximately
13.4 mM, with a SNR of 97. A quantitative result within 1% error can be given for
a SNR of at least 150, which can be achieved in 2 hours experiment time. However,
the glucose peak with a SNR of 24, would need 8 hours for the same accuracy. From
the other (not pre-processed) samples, the same order of concentrations are observed
from the spectra. Lactate concentrations naturally occurring in human CSF are in the
range 0.5 mM to 4 mM45. Other metabolites, if detected and identified, can be present
in much lower concentration, less than µM range. To be able to analyse these lowly
concentrated metabolites, concentrating the sample will be necessary, for example by
freezedrying and dissolving in a very small volume of D2O just fitting the stripline
NMR active region.
The amount of sample of strigolactones used for the stripline NMR measurements was
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estimated to be 0.3 mg. If all the sample was collected in the solution the maximum
concentration in the sample plug would be 1 M. The 1H NMR spectra were acquired
accumulating 16, 64 or 1024 scans, which demonstrates that because of the difficulty
of working with these small amounts, not in all cases these concentrations were
reached. The concentrations are such that 1H NMR measurements are not a problem,
a 13C spectrum could not be measured, however. In the next Chapter, 13C spectra
were taken from 1.6 M and 2 M solutions in around 15 hours, so a 1 M strigolactone
13C spectrum would take around 2 days to acquire. In this case it would be advantageous
to use a larger detection volume, which can be accomplished by scaling up the design
of the stripline NMR chip. Assuming that the strigolactone powder that was used in
the solid state measurements (around 1 mg) could be dissolved in CDCl3 to a total
volume of 2 µl (a 1.5 M solution), this would fit into a scaled up version of the stripline
chip, using a commercially available FS capillary of 700 µm inner diameter, and
a strip length of 4 mm. The solid state 13C NMR spectra of 6-Me-GR24 fast and
8-Me-GR24 fast were taken in 7250 scans (averaged), in approximately 10 hours, with
a SNR value of 0.3 for a single scan. If the scaled-up stripline NMR chip has a similar
performance as the stripline NMR chip in Chapter 3 (section3.3.2), which gave a 0.5
single scan SNR, then it can be estimated that a 13C measurement would be possible in
approximately 4 hours. Measuring in liquid state in the stripline NMR chip would have
the advantage that linewidths decrease, comparing the spectra in Figure 3.2 in section
3.3.2 with Figure 2.11 a 8-fold increase in resolution is observed for the stripline NMR
spectra.
Current developments in microfluidic NMR as well as solid state NMR can be expected
to improve resolution and sensitivity so that these type of measurements will be possible
in the future. Progress in solid state NMR, such as indirect detection and increasing
spinning speed, e.g. with the novel 0.7 mm MAS systems spinning faster than 100 kHz,
will boost resolution and sensitivity of the experiments. In addition to 13C NMR
measurements, a lot of structural information can be obtained if high resolution 1H
NMR spectra can be obtained. Also, miniaturisation is an advantage in the context of
small volume samples, such as the high resolution µMAS spinning NMR detector for
nanolitre volumes, developed recently46.
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2.7 Conclusion
Many biological samples are available only in limited amount, some sample quantities
are typically extremely small by their nature, for example single insect studies, some
samples are very expensive or laborious to produce. Miniaturised NMR coils that have
an improved sensitivity per amount of sample, can be important tools to enable NMR
measurements on these kinds of samples. Here we use a stripline NMR chip with
replaceable FS sample capillaries to analyse some examples of mass-limited samples.
Plugs of 150 nl enclosed by fluorinert cover the entire detection volume, and a high
sensitivity with a good resolution can be obtained. The stripline NMR chip has a limit
of detection of 8 · 1013 spins/√Hz with a resolution of 0.5 Hz for a 70% ethanol plug.
Mouse CSF was measured in the stripline NMR setup and compared with conventional
NMR results. The SNR and resolution are sufficient to distinguish the peaks in the
stripline NMR spectrum. For an estimated lactate concentration of approximately
13.4 mM, an SNR of 97 was obtained in 1024 scans. The enhancement factor for
the stripline NMR is 4, taking into account the amount of sample and the SNR in
the spectra. Furthermore, three mouse CSF samples were measured without any pre-
processing, which resulted in satisfactory spectra as well. During storage part of the
samples may have condensed, therefore when measuring fresh mouse CSF without
processing the concentrations may be lower and measurement time may be increased.
To make optimal use of the enhancement factor of the stripline NMR chip, the sample
needs to be concentrated in the detection volume (fobs = 1), so the current setup is
especially beneficial for samples of approximately the same volume (150 nl). This
might be an advantage for living mouse studies, or analysis of other precious or very
small volume samples with approximately the size of the detection volume. Since the
unprocessed mouse CSF samples are much larger than the detection volume, better
results in terms of sensitivity are obtainable in a stripline chip with a detection volume
that matches the amount of sample (∼ µl).
Strigolactones are important plant hormones that play a key role in parasitic weed ger-
mination, which dramatically affects food crop. Structure determination of synthesized
strigolactones is important for understanding structural requirements for functioning
and finding efficient synthetic analogues. The amount of sample that can be synthesized
is often very limited. Spectra of 8 synthetic strigolactones were measured using NMR
spectroscopy. The samples were analysed in full capillaries in the stripline NMR chip,
using a maximum of 0.3 mg of compound. 1H and correlation (TOCSY and HMQC)
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spectra could be obtained. Subsequently, solid state NMR 13C spectra were measured
of the 6 larger samples (up to about 3 mg) and in addition a HETCOR spectrum of
one of the samples. Differences in molecular structure are reflected in the spectra, so
these type of measurements can be of help in strigolactone research.
In conclusion, the stripline NMR chip was tested with good results using two examples.
The samples consist of sample plugs, either enclosed between fluorinert or covering
more than the entire strip length. Using sample plugs between fluorinert, sample
volumes smaller than 150 nl can be analysed, which is very suitable for limited or
precious samples or when samples can be concentrated. Using a plug larger than the
strip length is beneficial when the samples need to be recovered after analysis. The
biological samples in this study, as well as many other biological samples, consist of a
larger volume than 150 nl, for which a stripline chip with a larger detection volume
matching the sample size can further improve sensitivity.
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Abstract
Microfluidic stripline NMR technology not only allows for NMR experiments to be
performed on small sample volumes in the submicroliter range, but also experiments
can easily be performed in continuous flow because of the stripline’s favourable geome-
try. In this study we demonstrate the possibility of dual-channel operation of a microflu-
idic stripline NMR setup showing one- and two-dimensional 1H, 13C and heteronuclear
NMR experiments under continuous flow. We performed experiments on ethyl crotonate
and menthol, using three different types of NMR chips aiming for straightforward mi-
crofluidic connectivity. The detection volumes are approximately 150 and 250 nl, while
flow rates ranging from 0.5 µl/min to 15 µl/min have been employed. We show that in
continuous flow the pulse delay is determined by the replenishment time of the detector
volume, if the sample trajectory in the magnet toward NMR detector is long enough to
polarise the spin systems. This can considerably speed up quantitative measurement of
samples needing signal averaging. So it can be beneficial to perform continuous flow
measurements in this setup for analysis of e.g. reactive, unstable or mass-limited com-
pounds.
3.1 Introduction
Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique and an
important tool for complex molecular structure determination and mixture analysis
in biology and chemistry. However, because of the inherent low sensitivity of the
technique1, relatively large amounts of sample are needed in order to prevent very
long signal averaging for obtaining meaningful spectra. Since the signal-to-noise ratio
(SNR) of the measurement scales linearly with the number of spins contributing to the
signal, but scales only with square root of the number of scans, for mass limited samples
it can become a problem to achieve sufficient SNR in the time available. Moreover, if
the sample volume does not match the coil volume (typically 500 µl for commercial
NMR probes), substantial dilution of the sample is needed, and as a consequence the
signal of the sample may be obscured by the signal of the solvent. Furthermore, the
composition of the sample itself should be constant during the acquisition in order to
measure a representative spectrum. In some cases, e.g. for fast reactions and/or long
measurements, such as 2D or 13C experiments on unstable compounds, changes in
composition of the sample during the total measurement time result in spectra that
reflect only an approximation of the average composition of the sample.
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A possible solution to these problems is miniaturisation, as reducing the diameter
of the NMR coil increases the sensitivity per amount of spins1, 2. Therefore, since
the introduction of the first solenoidal microcoils3, 4 and the first planar microcoils5,
microcoils are an extensively explored topic in NMR research6, 7, 8, 9, 10. In the past
decade, several approaches to microscale NMR include: solenoid coils11, 12, 13, planar
coils14, 15, Helmholtz coils16 and striplines/microslots17, 18, 19, 20, 21, 22.
Microcoils are not only more suited for measuring mass-limited samples, but depend-
ing on the design, also in situ measurements in a microfluidic setup are facilitated.
In this contribution we investigate the use of stripline NMR microcoils coupled to a
standard microfluidic setup for continuous flow NMR. Microfluidic continuous flow
NMR can be of importance in chemistry23, where in-line analysis can be advantageous
especially in applications where samples are unstable or in quantitative high-throughput
analysis. Another approach in microfluidic NMR is remote detection NMR24, 25, 26,
where separation of encoding and detection steps results in a higher sensitivity. Some
applications of microfluidic NMR focus on in situ monitoring of reaction kinetics
(including 2D structural analysis, e.g. in synthetic chemistry, metabolic studies, drug
delivery), continuous flow quality control, and fast quantitative analysis (unbiased for
samples with long relaxation times). Also, microfluidic NMR enables the hyphenation
of NMR to chromatographic separation techniques3, 27, 28, 29. The monitoring of chem-
ical reactions has successfully been performed in a microcoil NMR setup by several
groups13, 30, 31, 32, 33. The small volumes permits an efficient use of solvents, which is
less expensive, e.g. when deuterated solvents are used, and environmentally friendly
because of the low solvent consumption. When a mass-limited sample can be com-
pletely dissolved in the small microcoil detection volume, one can work with higher
analyte concentrations than when using the larger conventional NMR detection vol-
ume. When using higher analyte concentration, methods, such as solvent suppression,
become easier. It should be noted that if sufficient sample with a fixed concentration is
available, conventional NMR gives a higher sensitivity, but for a limited amount of
sample the sensitivity is better for the smallest coil matching the sample volume1, 34.
The stripline resonator is a straight flat wire that is used to generate and detect the radio
frequency (rf) fields in the NMR experiments. The stripline NMR chip is manufactured
using microfabrication techniques such as photolithography, electroplating and wet
chemical etching.
The ground planes (”shields”) surrounding the stripline enclose the generated rf B1
field. The boundary conditions imposed by the ground planes arrange the field lines
74 Chapter 3. Continuous Flow 1H and 13C Microfluidic Stripline NMR
parallel to the stripline surface, as a result the B1 field is homogeneous, which is
crucial for complex pulse sequences. The sample volume is scaled down to 150 nl
in the design used in the present study. Standard microfluidics can be connected to
the stripline NMR chip, making it possible to continuously flow the sample during
acquisition. Continuous-flow or recycled-flow NMR35, 36 can be advantageous, for
example for samples that have long relaxation times, mass-limited samples or unstable
samples.
The stripline design is scalable, so one can use an optimal volume for each specific
application. We have previously shown the application of this setup for real-time
monitoring of fast chemical reactions, acquiring steady state 1H signals during the
first minutes of the reaction37. Furthermore, the upright geometry of the stripline
is particularly convenient for realising a flow setup with straight capillaries running
through the probehead.
Proton NMR spectra are very information-rich as such. However, more detailed
information can be obtained from two-dimensional (2D) NMR, 13C NMR and/or
heteronuclear NMR experiments. Investigating the correlations within the molecules
and the surrounding of the carbon nuclei is of considerable use in molecular structure
determination. Particularly for the analysis of mass-limited complex molecules or
mixtures, the addition of an X-channel is a very useful feature. Here, the possibility
to add flow is particularly helpful to overcome SNR issues due to long T1 relaxation
times of X-nuclei compared to 1H spins. Finally, for in situ monitoring of fast reactions
the higher resolution of, e.g. 13C spectra can be a valuable asset. In this paper we
demonstrate, as a proof of principle, some common 1H 2D, 13C and heteronuclear
NMR experiments, during flow of the model compounds ethyl crotonate and menthol
in a microfluidic stripline probe.
3.2 Experimental
3.2.1 Chemicals
Ethyl crotonate (99%) and menthol (99%) were obtained from Sigma-Aldrich and used
without further purification. Chloroform-d3 + 0.05%v/v TMS (Cambridge Isotopes
Laboratories, Inc.) was used as a solvent. A 20 vol% ethyl crotonate solution in
chloroform-d3 (1.6 M) and a 30 vol% menthol solution in chloroform-d3 (2 M) were
used for the stripline NMR flow experiments. For the 13C channel, pulse length
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and decoupling parameters were set up by using a 1 M D-glucose-1-13C (CAMPRO
Scientific, Veenendaal, The Netherlands) solution in D2O.
3.2.2 Stripline rf-coil
The stripline rf-coil17, 20 consists of a copper strip through which the radio frequency
(rf) current runs (see the pictures in Figure 3.1). In the middle part of the chip, the
width of the strip is constricted to 0.6 mm (for a section of 3 mm length) in order to
enhance the rf field strength in this area and therefore localise detection to this area.
The boundaries of the resonator are formed by flat copper shielding layers parallel to
the strip, so the magnetic field lines are arranged parallel to the surface. In the region
of homogeneous and high B1 field, two microfluidic microchannels run along both
sides of the strip. In the experiments described here, only one of the microchannels
is used; however, the other microchannel can be used, e.g. for a reference sample or
D2O for the locking of the NMR spectrometer.
The stripline chips a, b and c used in the present work are displayed in Figure 3.1; the
design differs from the design that was described in our previous work20. Technical
details can be found in Appendix B.1. The design of chips a and c was motivated by
aiming for straightforward connection of microfluidics and a higher filling factor. The
substrates are borosilicate glass into which the microchannels are etched in such a way
that optimal use is made of the space between stripline and shielding. The inlet and
outlet are positioned on the top and bottom of the chips and flow is enabled by fused
silica (FS) capillaries glued into the chip, which ensures a convenient microfluidic
connection. Chip c, which has a detection volume of approximately 215 nl, was
fabricated first, however, it did not give as good sensitivity results as expected. Chip
a was made from thinner substrates in order to make a smaller detection volume of
165 nl. The sensitivity improved, but unfortunately the chip turned out to be fragile, so
that leakages occurred in the substrate itself as well as in the connecting capillaries. For
chip b, FS substrates are used, because this material has a better dielectric performance,
so that dielectric losses from the substrate that affect the sensitivity can be avoided.
Chip b was designed to be more robust, with a diced channel which contains a separate
and replacable FS capillary with standard dimensions to make leak-proof and simple
connection to a microfluidic setup or use of a sample plug in the capillary, so that a
detection volume up to 145 nl results. The observe factor is the fraction of the sample
volume from which the NMR signal is observed34, which is high when sample plugs are
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used, since up to 100% of the sample can be placed in the detection volume. However,
the filling factor, defined as the part of the detection volume which is occupied by the
observed part of the sample34, is lower in chip b as the space between stripline and
shielding is not as efficiently used as in chips a and c. The spectral resolution obtained
with chip b is not as good as expected, which is attributed to irregularities in the
microfluidic channel resulting from the dicing procedure. Nevertheless, considering
the benefits of the design of chip b, it is worthwhile to explore the possibilities of
this chip, e.g., the chip is directly accessible from the outside allowing not only flow
experiments, but it is also possible to use a piece of capillary as a tiny NMR tube for
mass-limited samples. Since having a high resolution is not as critical in 13C NMR
measurements as in 1H NMR measurements, in this work we demonstrate chip b for
the 13C experiments. Descriptions of the fabrication of the chips a and c are given in
Ref. 38 and of chip b in Appendix B.2.
The stripline chips can be placed in one of two homebuild probes; a single resonance
probe with a 1H channel and a double resonance probe with a 1H channel and a variable
frequency X-channel. In order to enable continuous flow, a syringe pump is attached
to the inlet and outlet capillaries via standard microfluidic components. Information
regarding the probeheads and microfluidics can be found in Appendix B.3 and B.4.
Figure 3.1: NMR stripline chips used in this study: chip a, chip b and chip c.
3.2.3 Acquisition and processing
The spectra were taken at room temperature on a VNMRS 600 MHz Varian NMR
spectrometer with VNMRJ software. MatNMR39 was used for data processing and
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plotting, and ACD/NMR Processor (Advanced Chemistry Development, Inc.)40 was
used for plotting of the correlation spectra.
3.3 Results and Discussion
3.3.1 Practical Considerations
An important feature of in situ microfluidic NMR measurements is that by continuously
flowing the sample through the detection volume during acquisition, the spins that
have received an rf pulse are continuously replaced by spins with thermal equilibrium
polarisation that have not yet received an rf pulse. The apparent relaxation delays of
the experiment are affected, as both the observed spin-lattice relaxation time (T obs1 )
and the observed spin-spin relaxation time (T obs2 ) decrease35, 41, 42. The stationary
value of T1 reflects the time constant for the spins to return to thermal equilibrium
after receiving an rf pulse, which poses limitations on the repetition rate. However,
when the analyte flows through the detection area during acquisition, the spins can be
refreshed faster than the stationary value of T1, the recycle delay between scans can be
shortened. In effect, measurement time can be decreased by using continuous flow
during acquisition for samples with long T1 relaxation times. At a moderate flow rate
of 5 µl/minute, the detection volume of 150 nl is refreshed in almost 2 s, whereas for
the 215 nl detection volume it takes 3 s to completely replenish the detection volume.
At a flow rate of 15 µl/minute this retention time decreases to 0.6 and 1 s, respectively.
The repetition rate of the scans can be increased, and thereby the signal-to-noise ratio
per unit time. Here it is assumed that the sample flows linearly through the channel, but
in reality a more complicated flow profile arises because of the laminar pressure-driven
flow. The part of the sample close to the walls of the capillary has a lower flow rate
because of the parabolic Poiseuille flow profile, while the center part has a higher flow
rate. This might affect the accuracy of quantifiability of the experiments.
From the moment the analyte flows into the magnet until the detection scan in the
stripline, polarisation build-up takes place. When the flow rate increases, the time
in the magnet is shortened and it is important to verify that the time for polarisation
build-up is long enough to reach the thermal equilibrium polarisation. In order to
fully polarise the spins in the sample, a build-up time of 5*T1 is needed. In our setup
the sample flows through a 250 µm inner diameter capillary of approximately 60 cm
long before arriving at the stripline. At the highest used flow rate of 15 µl/minute,
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the build-up time is still 37.5 s, long enough for most spins in our samples to achieve
thermal equilibrium polarisation. A longer build-up time can easily be established by
increasing the volume of the analyte inside the magnet before reaching the stripline,
e.g. by using a longer capillary trajectory inside the magnet toward the NMR detector.
Flowing the sample out of the detection area during acquisition can result in line
broadening, since the recorded free induction decay (FID) is shortened by nuclear
spins flowing out of the detection area during acquisition. When the residence time of
spins in the detection coil decreases, the effective decay time of the FID decreases, so
that the observed relaxation time T obs2 decreases as well42. The observed relaxation
time depends on the residence time τ and the stationary value of the relaxation time
T stat2 : 1T obs2
= 1
T stat2
+ 1τ . For the smallest detection volume (145 nl) and the highest
flow rates (15 µl/minute) an estimated increase of ∼ 0.4 Hz can be expected for line
widths of approximately 3 Hz (full-width at half-maximum). In the present setup
and for the used flowrates, this broadening effect does not significantly affect the
spectra. A broadening of 1 Hz, i.e. from 3 to 4 Hz, would be expected at flow rates of
approximately 30 µl/minute.
3.3.2 One-dimensional 1H and 13C spectra
NMR measurements can be performed, while the solution is flowing at constant flow
rate through the stripline microchannel. The proton spectra of ethyl crotonate and
menthol during flow are shown in Figure B.5 in Appendix B.5. The spectra can be
assigned in agreement with the literature43, 44. We find a resolution of 2.8 Hz for ethyl
crotonate and 2.7 Hz for menthol (measured full-width half-maximum). No significant
line broadening due to flow was observed for the employed flow rates.
We tested the 13C channel of the HX dual channel probe with chip b. The experiments
were first optimised using a 1 M 13C-labelled D-glucose-1-13C solution. The 90◦
pulse was found to be 3.5 µs using 240 W rf power. The decoupler is set to 2W
WALTZ-16 proton-decoupling with NOE enhancement. To determine the sensitivity
of the 13C channel, a spectrum accumulating 1000 scans was acquired for this test
sample, from which a signal-to-noise ratio of 0.5 for a single scan was deduced. This
corresponds to a limit of detection (LOD) of approximately 1 · 1015 spins/√Hz for
the 13C nuclei, defined by the number of spins needed in 1 Hz bandwidth in order to
obtain a signal to noise ratio of 117.
After finding the optimal pulse and decoupling settings, stopped flow 13C measurements
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Figure 3.2: 13C measurements using stopped flow or continuous flow, with a) ethyl crotonate (20
vol%) and b) menthol (30%). The HX dual channel probe fitted with chip b was employed. Each
spectrum was recorded by accumulating 4096 scans. For increasing flow rates, the repetition
rate was increased using shorter recycle delays and acquisition times. Ethyl crotonate was
measured with a recycle delay of 12 s without flow, which decreased to 1.5 and 0.5 s, for
5 µl/min and 10 µl/min flow rates, respectively. The acquisition time was 0.25 s for stopped
flow and decreased to 0.1 s for the highest flow rate. Overall, this decreased the experiment
time from 14.5 to 1.1 h. Menthol was measured with a recycle delay of 12.5 s without flow, and
3 and 1.8 s for 2.5 µl/min and 5 µl/min flow rates, respectively. The acquisition time was 0.25 s
for the measurement without flow and 0.1 s for the two measurements in flow. Measurement
time decreased from 15.0 to 2.5 h.
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of ethyl crotonate (20 vol%) and menthol (30%) were successfully performed, as
displayed in Figure 3.2. Relaxation times T1 can be very long for 13C nuclei, for
protonated carbon atoms the values lie typically in the range from 0.1 - 10 s, whereas
quaternary carbon atoms have values ranging from 10 up to 300 s45.
For ethyl crotonate, we found experimental T1 relaxation times varying between 6 s and
18 s (quaternary carbon 4 in Figure 3.2a), i.e. the relaxation delay in the stopped-flow
experiments was too short to ensure quantitative interpretation of the resonances. In
continuous flow NMR, the sample in the detection volume is completely refreshed
faster than the relaxation time T1, so the recycle delay can be shortened and thus the
overall measurement time significantly decreased for slow relaxing nuclei41. At a
flow rate of 10 µl/min, the sample has been inside of the magnet for 56 s, which is
equivalent to 9T1 for the fastest relaxing nuclei (T1 is 6 s) and 3T1 for the quaternary
carbons (T1 is 18 s) of ethyl crotonate. We measured a spectrum acquiring 4096 scans
in 14.5 h using a recycle delay of 12 s between scans in the case of stopped flow and
could obtain a similar spectrum in 2.8 h at 5 µl/min flow rate and in 1.1 h at 10 µl/min
flow rate using a recycle delay of 1.5 and 0.5 s respectively. During continuous flow,
the line widths of the peaks increased from approximately 4 Hz in the stopped flow
spectra to around 7-8 Hz under continuous flow conditions. The 13C T1 values for
menthol varied from 2 to 6 s. The stationary (stopped flow) measurement of 4096
scans took 15.0 h with a recycle delay of 12.5 s, whereas this took only 4 h at a flow
rate of 2.5 µl/min and 2.5 h at a flow rate of 5 µl/min, using a recycle delay of 1.8 s. As
a measure of accuracy of the experiments, the peaks in the spectra have been integrated
after peak deconvolution of the baseline corrected spectra. The standard deviations
for the peaks are 8%, 9% and 10%, respectively, for the menthol spectra acquired at
flow rates of 5 µl/min, 2.5 µl/min and stopped flow. The standard deviations for the
peaks of ethyl crotonate are 36%, 10% and 12% for the experiments using flow rates
of 10 µl/min, 5 µl/min and stopped flow.
In order to obtain quantitative results, all spins in the detection volume should be fully
polarised, i.e. have been in the magnetic field for 3-5 T1 before a pulse is applied,
to fully contribute contribute to the signal. In these experiments, the repetition rate
is somewhat higher than the time for completely refreshing the detection volume.
Furthermore, the laminar Poiseuille flow profile causes a variation in the velocity of
the flow that may cause a small decrease in the intensity for nuclei with a T1 larger
than the recycle delay. However, this is only observed for peak 4 of ethyl crotonate,
the T1 value of this quaternary carbon is 18 s, which is much larger than the repetition
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rate. The other carbon atoms of ethyl crotonate have T1 values of around 6 - 7 s, and
no effect of decreasing intensity with changing flow rate is found. The T1 values of
menthol are around 6 s for three of the nuclei and around 3 s for the rest. In the stopped
flow experiment, the peaks of carbon atoms with a shorter T1 have a higher intensity
(averaged 105%) than the peaks of carbon atoms with a longer T1 (averaged 90%). For
the measurements in continuous flow this difference is not present.
The average value of the SNR (defined by the peak height divided by the rms (root-
mean-square) of the noise over a 200 Hz bandwidth) of all peaks in the spectrum except
quaternary carbon peak 4 is 10.6 for the stopped flow experiment and increases to 15.2
and 13.5 for the spectra measured in 5 and 10 µl/min flow rates, respectively. The
lowest intensity peaks have an SNR of 8.5, 12.1 and 10.0 for the stopped flow, 5 and
10 µl/min flow measurements, meaning that if we aimed for an SNR of at least 10 the
spectra could have been obtained in 20 h, 2 h or 1 h under the given flow conditions.
For menthol the average SNR measured in stopped flow was 9.3, which increased under
continuous flow conditions to 13.1 and 16.0 for 2.5 and 5 µl/min flow, respectively.
The lowest measured SNR was 8.0, 10,5 and 13.5 for stopped flow, 2.5 and 5 µl/min
flow, so that a spectrum with a minimum SNR of 10 could have been measured in
23.5 h, 3.5 h and 1.4 h, respectively.
Applying continuous flow during the acquisition consumed 750 µl for experiments
using 2.5 µl/min and 5 µl/min flow rate and 600 µl for the experiments using 10 µl/min
flow rate. Clearly a setup flowing in fresh sample continuously, as in the current setup,
is not feasible for mass-limited samples. In that case, flow NMR is still feasible but
with a small storage volume close to the stripline. The size of the storage volume for
optimal SNR is then a trade-off between sample availability and length of T stat1 .
We did not further increase the flow rate to speed up the measurement, because it was
experimentally observed that a delay between scans is needed to take into account the
decoupling period before acquisition and the duty cycle of the decoupler to prevent
heating of the detection area of the chip.
Finally, it has to be noted that the resolution obtained with chip b is suboptimal,
probably because of susceptibility broadening, which is attributed to imperfections in
the microchannel as a result from the dicing procedure disturbing the B0 homogeneity.
It is expected that a modification to the stripline NMR chip fabrication process which
avoids the dicing procedure will result in a more homogeneous B0 field, so that a
higher spectral resolution can be achieved. This will further enhance the effective
signal-to-noise ratio of the spectra, so that the experimental time to achieve the same
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SNR at a given resolution can be further decreased.
3.3.3 Two-dimensional correlation spectroscopy
(a) Ethyl crotonate, 15 µl/min (b) Menthol, 1 µl/min
Figure 3.3: Continuous flow COSY measurements at (a) 15 µl/min flow rate for ethyl crotonate
(20 vol%) and (b) at 1 µl/min flow rate for menthol (30%), performed in the 1H probe fitted
with chip a. Both spectra were taken accumulating 4 scans for 256 t1-increments. A relaxation
delay of 1 s was taken into account for ethyl crotonate (20 vol%) using 15 µl/min flow and
2 s for menthol (30%) at a flow rate of 1 µl/min. The experiment time was 30 minutes for
ethyl crotonate and 47 minutes for menthol. Zero filling up to 8192 x 4096 points and a line
broadening of 3 Hz for the direct dimension and 5 Hz for the indirect dimension was applied
for ethyl crotonate and 1 Hz broadening and a sine-function for menthol.
For structural elucidation, two-dimensional NMR is a valuable addition to the one-
dimensional NMR experiments. Common experiments are correlation spectroscopy
(COSY46) and total correlation spectroscopy (TOCSY47). Both experiments show
correlations of proton spins within the molecule. A COSY spectrum shows cross peaks
for directly coupled spins over one or more bonds, whereas a TOCSY spectrum also
can be used for studying longer range couplings depending on the mixing time.
COSY and TOCSY spectra have been acquired both at low and high flow rates as
shown in Figures 3.3 and 3.4. Considering the small molecules, we used short mixing
times (50 ms) with an MLEV1748 spinlock for the TOCSY. The line widths are around
5 Hz in the F2 dimension and 10 Hz in the F1 dimension for the TOCSY spectra. For
the COSY spectra, however, the cross peaks are around 30 Hz in the F1 dimension.
In COSY experiments, the cross peaks have an antiphase absorption lineshape, while
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the diagonal peaks have a broad, dispersion lineshapes. For larger line widths, the
wide tail of the diagonal peak may obscure the cross peaks and the intensity of the
cross peaks may be diminished due to the antiphase lineshapes. Cancellation of the
cross peaks can arise from these lineshapes and is a known disadvantage of COSY
experiments43. TOCSY experiments do not suffer from these cancelation effects for
broad lines and are therefore more preferred. So it is interesting to perform TOCSY
experiments in the stripline chip, especially in the case of unstable samples or reaction
monitoring in continuous flow, if the sample is not stable during the acquisition time of
two-dimensional NMR experiments in conventional NMR. Alternatively, mass-limited
samples can be measured in a static plug in a FS capillary in chip b, as described
before.
(a) Ethyl crotonate, 1 µl/minute (b) Menthol, 15 µl/minute
Figure 3.4: Continuous flow TOCSY measurements, at a flow rate of (a) 1 µl/min for ethyl
crotonate and (b) 15 µl/min for menthol, performed in the 1H probe fitted with chip a. (a) 4
scans for 512 t1-increments were acquired for ethyl crotonate (20 vol%) and (b) 4 scans and
256 increments for menthol (30%). For ethyl crotonate a recycle delay of 3 s was taken into
account. The experiment time was 4 h and 20 min. For menthol the recycle delay was 1 s and
the experiment time was 1 h and 30 min. For both experiments, a mixing time of 50 ms using
an MLEV17 spinlock and a trim pulse of 2 ms was used. Zero-filling up to 8192 x 2048 and a
line broadening of 1 Hz was applied in both directions.
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Finally, double-resonance experiments can be performed in the dual-channel probe
providing relevant structural information. Heteronuclear multiple-quantum correlation
(HMQC)49 spectroscopy correlates proton and carbon spins that are directly coupled.
After establishing the optimal decoupling and pulse length parameters on D-glucose-
1-13C, HMQC experiments were performed for both model compounds using low
(0.5 µl/min) and medium (7 µl/min) flow rates (Figure 3.5). The experimental time for
the measurement of ethyl crotonate at a 7 µl/min flow rate, was 25 h with a consumption
of 10 ml solution. The menthol spectrum was obtained in 69 h, consuming 2 ml of
solution (at 0.5 µl/min).
(a) Ethyl crotonate, 7 µl/min (b) Menthol, 0.5 µl/min
Figure 3.5: HMQC spectra of (a) ethyl crotonate (20 vol%) and (b) menthol (30%) with
flowrates of 7 µl/min for ethyl crotonate and 0.5 µl/min for menthol, performed in the HX
channel probe and chip c. We acquired 400 scans for 64 increments for ethyl crotonate and
512 scans with 128 increments for menthol. The recycle delays were 1 and 1.2 s, respectively,
and a BIRD delay of 0.6 and 0.5 s. The pulse sequence delays were adjusted to a one-bond
1H-13C coupling constant of 145 Hz.
3.3.4 Comparison of the chips
Good resolution and sensitivity are crucial in obtaining informative NMR spectra.
Since the copper stripline structure is defined with the same geometry (i.e. a 3mm long
constriction) in each of the chips employed in this study, the results can be directly
compared to give information about their performance.
The sensitivity of the stripline NMR chip has a substantial effect on the efficiency of
the measurement, i.e. the signal-to-noise ratio in the spectrum obtained per unit time.
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A good measure of sensitivity is the limit of detection (LOD), defined as the number
of spins needed in 1 Hz bandwidth in order to obtain a signal to noise ratio of 117. The
LOD for protons (LODH ) is measured from a single-scan ethanol free-induction-decay
(FID). For proton detection in chips a and b, we found a similar LODH of 2.5−4 ·1013
spins/
√
Hz respectively, whereas for chip c a LODH of 2 ·1014 spins/
√
Hz was found.
The significantly lower detection limit (LODH ) of chips a and b indicates a higher
sensitivity of these chips compared to the sensitivity of chip c. The theoretically
expected LODH is around 2 · 1013 spins/
√
Hz for all chips but does not take into
account dielectric losses due to the substrate (which can be rather large due to inclusion
of, e.g. metal-oxide impurities); therefore the low sensitivity of chip c is attributed to
the non-optimal substrate38.
In terms of resolution, chip a in Figure 3.1 was found to perform best with a line
width of less than 3 Hz for the 1H spectra. In the single-scan spectra of ethyl crotonate
and menthol, we find for ethyl crotonate the following line widths (full-width half-
maximum): chip a 2.7 Hz, chip b 7 Hz, chip c 9 Hz (estimated via deconvolution of
the multiplets). Similar results were estimated from the menthol spectra, where, due
to overlapping peaks could not be as precisely defined. Another comparison of the
spectral resolution can be made from a single-scan spectrum of ethanol (70%), having
the advantage that since the concentration is high a large signal is obtained; therefore,
the shimming procedure is uncomplicated. For single-scan ethanol (70%) spectra the
best resolution of chip a is approximately 2 Hz, for chip b and chip c the line width is
around 3 Hz. The peak shape of chip b, however, contains a broad foot structure and
other irregularities.
The signal-to-noise ratio (SNR) in the spectrum obviously depends on the amount of
sample (concentration per unit volume vs total volume) but is also affected by the LOD
and resolution provided by each chip. For ethyl crotonate, the SNR is calculated from
the single scan 1H spectrum using the methyl group 6 in Figure 3.2a, Figure B.5a in
Appendix B.5, resulting in 1080 for chip a, 168 for chip b and 446 for chip c. For
menthol we find: chip a 3308, for chip b 238 and chip c 313, calculated using the
resonances of the methyl groups 8) and 10) in Figure 3.2b, Figure B.5b in Appendix B.5.
In conclusion, the SNR for chip a is significantly better than the SNR for chips b and
c. Furthermore, we find that although the detection limit (LODH ) of chip b is only
slightly higher than for chip a, in the spectrum a relatively low SNR is found. The
lower SNR in the spectrum is attributed to the loss of signal in the broad foot of the
peaks and the relatively low spectral resolution, which decreases the intensity of the
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signal in the spectrum.
Overall, chip a gives the best results, combining a high resolution with high sensitivity.
Currently, work is in progress to improve the performance of chip b, as according to
theoretical calculations it should be possible to increase the signal-to-noise ratio in
the spectrum by an order of magnitude. The design of chip b would enable easier
measurement of small volume samples, since a sample plug can be positioned oﬄine
in the exchangeable FS capillary.
3.3.5 Approach for mass-limited samples
For mass-limited samples it is necessary to decrease the total sample volume that
is used, therefore we currently investigate the use of a recycled-flow50 system using
a micropump. For example, an HMQC experiment on menthol accumulating 512
scans and 128 t1 increments, such as shown in Figure 3.5b, could be performed in
recycled-flow at a flow rate of 15 µl/minute, taking into account a T1 of 30 s. When the
time between measurement on the same part of the sample is set to T1, the loop would
need to contain approximately 7.5 µl, which corresponds to an amount of 15 µmol of
menthol in our experiment. Decreasing the flow rate can further reduce the required
sample volume, but the recycle delay between scans has to be longer to account for
T1, which implies that the total experiment takes longer. In turn, a smaller recycle
delay would decrease the amount of sample that is necessary, since measurement of
the same sample can be repeated faster.
Alternatively, for very small amounts of sample, it can be advantageous to concentrate
all of the sample in a single plug, i.e. a droplet of concentrated sample covering
the detection area embedded in a nonmixable buffer solution. This can easily be
accomplished using chip b (Figure 3.1). Since the single-scan signal-to-noise ratio
increases by concentrating the sample, measurement time can be reduced. Depending
on the limitations in amount and solubility of the sample, measurement time and T1,
one can optimise the setup using a recycled-flow sample loop with a micropump or
concentrating the sample in a single plug.
3.4 Conclusions
In the work presented here, we successfully performed the most common experiments
that are used to elucidate structures of small organic molecules, 1H NMR and 13C NMR
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as well as homonuclear and heteronuclear correlation spectroscopy, in the stripline
microfluidic NMR probe under continuous flow conditions.
Acquiring spectra in continuous flow made it possible to perform 13C NMR experi-
ments on two test compounds, ethyl crotonate and menthol, in a drastically decreased
measurement time. The two-dimensional correlation spectra showed all expected
peaks with no observed differences between low and high flow rates (1 and 15 µl/min,
respectively). COSY and TOCSY spectra were successfully acquired for both com-
pounds. The HMQC spectra that were obtained in continuous flow accurately showed
the expected proton-carbon correlations.
The concentrations of stock solutions that were used are high (1.6 and 2.0 M), but still
the plug the size of the 150 nl detection volume contains only 0.3 µmol of compound.
This amount of compound, when dissolved in a 500 µl volume, corresponds to a
0.5 mM solution in a conventional NMR tube. Considering the good signal-to-noise
ratios of the proton spectra, lower concentrated samples can easily be measured on the
proton channel of our setup.
Possible ways to further shorten the experiment time and/or sample volume are increas-
ing the sample concentration and using the sample very efficiently in a sample plug
or a recycled-flow system. The design of chip b as displayed in Figure 3.1, features a
removable FS capillary, in which the sample can be positioned by hand as an alternative
to continuous flow conditions. This design would therefore be perfectly suited for
the measurement of concentrated sample plugs or for measuring a very small sample
without the need for dilution. Moreover, a microflow system could be attached to the
sample capillary straightforwardly. However, more work is needed to optimise the
resolution of this chip design.
In conclusion, the results show that various stripline setups are suitable for experiments
on mass-limited samples as well as fast chemical reactions or otherwise unstable sam-
ples and can be advantageously performed in situ during flow. Attractive applications
for continuous flow stripline NMR include monitoring of reaction kinetics, quality
control and fast quantitative analysis. Measuring in continuous flow can also be benefi-
cial for obtaining 13C spectra of samples with very long 13C relaxation times, since in
that case the detection volume can be refreshed much faster than the relaxation time.
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Abstract
We present an in-depth study of the acetylation of benzyl alcohol in the presence of
N,N-diisopropylethylamine (DIPEA) by nuclear magnetic resonance (NMR) monitoring
of the reaction from 1.5 s to several minutes. We have adapted the NMR setup to be com-
patible to microreactor technology, scaling down the typical sample volume of commer-
cial NMR probes (500 µl) to a microfluidic stripline setup with 150 nl detection volume.
Inline spectra are obtained to monitor the kinetics and unravel the reaction mechanism
of this industrially relevant reaction. The experiments are combined with conventional
2D NMR measurements to identify the reaction products. In addition, we replace DI-
PEA with triethylamine and pyridine to validate the reaction mechanism for different
amine catalysts. In all three acetylation reactions, we find that the acetyl ammonium ion
is a key intermediate. The formation of ketene is observed during the first minutes of the
reaction when tertiary amines were present. The pyridine-catalysed reaction proceeds
via a different mechanism.
4.1 Introduction
Spectroscopic techniques are extensively used in organic chemistry for analysing
molecular compounds and for monitoring chemical reactions because they provide
quantitative chemical information at the molecular level. Gas/liquid chromatography-
mass spectroscopy (GC/LC-MS), infrared (IR) spectroscopy and nuclear magnetic
resonance (NMR) spectroscopy are methods that are frequently employed1, 2, 3, 4. Nu-
clear magnetic resonance (NMR) spectroscopy is a particularly versatile technique and
is the method of choice for elucidation of molecular structure of organic compounds
in a broad range of fields5. NMR has also proven to be very suitable for the study of
organic reactions6, 7, 8.
Microscale chemical reactions are attracting increasing attention in chemical re-
search9, 10, 11. Compared to conventional batch reactors, microreactors have extremely
high surface-to-volume ratios, which allows for better heat exchange and mass trans-
fer12, 13. The small volumes, which are typically involved, enable potentially dangerous
and/or fast reactions, such as exothermic reactions or reactions with flammable, explo-
sive, toxic or hazardous chemicals, to be performed under relatively safe conditions.
Some recent examples employ the controlled environment of the microreactor and
the increased mass and heat transfer capabilities. The autoxidation of olefins was
performed in a microreactor, which improved safety and yield due to increased mass
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transfer and increased temperature14. Also, fluorine reactions, which are in batch
difficult to control and unstable, involving hazardous compounds that are difficult to
handle, were successfully performed using microreactor-based continuous flow chem-
istry, due to the fast mixing, high heat and mass transfer in a microreactor15. Cantillo16
et al. developed a procedure for the synthesis of triaminophlorogluconol, an important
compound for industrial and medical use, involving a very unstable and explosive
intermediate, which could be safely performed in continuous flow in a microreactor
using a thermostated ultrasound bath for controlling the temperature of this exothermic
reaction.
Mixing of reactants in conventional reactions occurs by convection and turbulence.
Microfluidic systems have low Reynold numbers and therefore operate in the laminar
flow regime, where mixing takes place mainly by mass transfer through diffusion. The
diffusion distance may be decreased by using split-and-recombine mixing elements in
the microreactor: flows are split up, deformed and recombined, creating thin layers of
laminar flows. Whereas turbulent mixing can give rise to large concentration gradients,
microfluidic diffusion-limited mixing is more homogeneous and the reaction progress
is more reproducible as a result. This enhances chemical selectivity and significantly
suppresses side product formation17. The reproducibility is also a great advantage in
efficient screening or optimisation of reactions, which is of considerable interest for a
variety of pharmaceutical and industrial processes and for research and development
in organic chemistry. High throughput optimisation in microfluidic setups is achieved
at reduced costs, due to low material requirements and low waste generation18, even
for dangerous and explosive compounds19.
With the developments in microreactor technology comes a growing interest in online
spectroscopic analysis techniques20, 21. For accurate monitoring of fast reaction inter-
mediates, it is required that the applied spectroscopic technique operates at the same
volumetric scale as the microreactor22, and in order to be able to follow the reaction in
situ, this method should be integrated with the reaction element, which calls for the
scaling down of the NMR volume. Miniaturisation of the NMR detection coil increases
mass sensitivity23, i.e. scaling down of the NMR coil increases the sensitivity per unit
mass, but decreases the sensitivity per unit concentration24. For a sample with a certain,
limited concentration, but sufficient volume available, the sensitivity of a measurement
is decreased for smaller coil. For samples with limited mass, however, sensitivity
increases when the coil is better fitted to the size of the sample. This is beneficial not
only for mass-limited samples but also for the limited volumes that are present in the
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microfluidic reactions. Considerable effort has been devoted to the development of
microscale NMR techniques and several approaches for microcoil NMR have been ex-
plored25, 26, 27, 28. Different types of microcoils can be distinguished: microsolenoids
wound around a capillary29, 30, 31, planar spiral microcoils32, 33, 34, 35 and transmission
line type (stripline or microslot) NMR detector36, 37, 38, 39, 40, 41, 42, 43. Our stripline
based NMR chip38, 44 consists of a planar copper structure in which a central flat wire
is defined that excites and detects the nuclear spins, having a constriction where a
high and homogeneous radio frequency (rf) field is generated, with a fluidic channel
running directly above the copper strip. Furthermore, microfluidic connections can be
straightforwardly applied so that a straightforward microfluidic setup for the study of
microscale reactions in flow is realised.
Several groups have investigated the applicability of microscale NMR devices for
inline reaction monitoring45; Ciobanu et al.46 studied the reaction of D-xylose and
borate by multiple physically distinct solenoidal microcoils. Wensink et al.47 presented
a microfluidic chip with an integrated planar microcoil for the real-time monitoring of
imine formation from benzaldehyde and aniline. Kakuta et al.48 monitored ubiquitin
protein conformation by coupling a micromixer to a solenoidal NMR microcoil. More
recently, Bra¨cher et al.49 combined a microreactor with a capillary NMR flow cell,
where the flow path and the solenoid NMR coil are thermostatted using FC-43 (perflu-
orotributylamine). In this setup, as a test system a catalytic esterification of methanol
with acetic acid was studied under isothermal conditions. Hyphenation of a continuous
flow microreactor and a microfluidic NMR chip to determine kinetic parameters of a
reaction with a single on-flow experiment was employed by Gomez et al.50
In an earlier study, we showed that the stripline-based microfluidic NMR setup could
be conveniently used for reaction monitoring and analysing mass-limited biological
samples samples44. This setup is further optimised for monitoring the amine base-
catalysed acetylation of benzyl alcohol in situ. Acetylation of hydroxyl groups is an
important and fundamental process in organic chemistry. The acetylation is mostly
used to protect alcohol groups from undesired side reactions but also to turn hydroxyl
substituents into better leaving groups. It is frequently performed using an acid chloride
in the presence of an amine to significantly speed up the reaction. We performed the
acetylation with acetyl chloride in the presence of DIPEA, which gives a fast and
exothermic reaction. The time scale of this reaction is several minutes, which can be
perfectly monitored with our microfluidic NMR setup.
Despite the abundance of esterification examples with acetyl chloride, there is still
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discussion about the exact mechanism. The reaction mechanism for a base catalysed
acetylation in general can be thought to proceed via base-assisted nucleophilic attack
of the alcohol with acetyl chloride51. However, it has also been suggested that the
reaction proceeds via a tetrahedral intermediate (the quaternary acetyl ammonium
ion)52 or via a highly reactive ketene intermediate that is formed through base-assisted
alpha-elimination of HCl from acetyl chloride53. Our setup enables the observation
of unstable intermediates such as ketene. Complemented with conventional NMR
measurements, this allows us to fully unravel the reaction mechanism. Furthermore,
we applied different base catalysts to compare the mechanisms when different amines
are involved.
4.2 Experimental section
4.2.1 Chemicals
All chemicals were used as received without further purification and consisted of acetyl
chloride (Fluka Analytical from Sigma-Aldrich), acetyl-2-13C chloride, 99 atom% 13C
(Aldrich), benzyl alchohol (reagent Plus, Sigma-Aldrich), N,N-diisopropylethylamine
(DIPEA) (Biotech grade 99.5%, Sigma-Aldrich), triethylamine (Sigma-Aldrich), pyri-
dine (Fluka analytical, puriss.p.a.), and chloroform-d3 + 0.05% v/v TMS (Cambridge
Isotope Laboratories, Inc.) as a solvent.
4.2.2 Microfluidic stripline NMR setup
The stripline NMR chip used in these experiments has been described before in Chapter
3. The stripline NMR chip is a microfabricated chip, where the rf coil consists of a
copper stripline structure sputtered and electroplated onto the glass substrate. The
analyte flows through the detection area via a microfluidic channel. The volume
sensitive for detection is 150 nl. The chip is coupled to a standard microfluidic setup.
Syringe pumps are used for providing a continuous flow of the reactants. Prior to
entering the stripline NMR chip, the reactants are brought together using a Y-junction
and subsequently flow into the chip using a fused silica (FS) capillary with 75 µm inner
diameter (I.D.). A reaction volume of approximately 1 µl results.
From the point of the Y-junction, mixing takes place by laminar diffusion. By a rough
approximation the mixing time from Fick’s law can be calculated to be approximately
1.4 s. More accurately, the Damko¨hler number can be estimated, which compares
98 Chapter 4. Inline reaction monitoring of amine-catalysed acetylation
diffusion to reaction rate54. For our reaction process the Damko¨hler number is around
1, so the reaction rate is possibly limited by the mixing process.
In a pressure-driven laminar flow through the capillary, a parabolic Poiseuille flow
profile arises, instead of plug flow with a linear profile. Radial diffusion takes place,
which disrupts the parabolic profile. Bodenstein numbers can be estimated, which give
an indication on the validity of assuming plug flow for the reaction54. We find that for
our microfluidic system the Bodenstein number is below 1000 for reaction times up to
30 s. So, small deviations from plug flow can be present up to reaction times of 30 s,
where the differences between center velocity and flow rate at the wall may cause a
velocity distribution.
An effective reaction time can be calculated by dividing flow rate with the reaction
volume, so that depending on the applied flow rates, detection can take place at effective
reaction times ranging from 1.5 s and 5 min. Details regarding the chip, probe and
microfluidics setup can be found in Appendix C.1. Pictures and schematics of the
stripline NMR chip and probe are shown in Figure C.1.
4.2.3 In flow measurements
For the reaction monitoring, a continuous flow of the reaction mixture to the stripline
was established. After having set a new flow rate, a stabilisation time depending on
the flow rate was taken into account (varying from at least 1 min for high flow rates up
to 15 min for low flow rates). Flow rates ranging from 20 µl/min down to 0.1 µl/min
correspond to effective reaction times of 1.5 s to 5 min at the NMR measurement. A
steady state spectrum is recorded and saved. The spectra were taken acquiring 4 or 16
scans, depending on the concentration of the analyte. The acquisition delay between
scans varied between 5 s for the lower flow rates to 1 s for the higher flow rates, when
the detection volume is refreshed faster. All spectra were recorded at room temperature
on a VNMRS 600 MHz Varian NMR spectrometer operated with VNMRJ software.
The flow of analyte through the NMR detection area continuously replaces depolarised
spins with polarised spins that did not yet receive an rf pulse. As a result, it is not
necessary to wait for 5 times the relaxation time T1 for the spins to repolarise; therefore,
the pulse repetition rate can be increased for an improved signal to noise ratio (SNR)
per unit time24, 55. However, the residence time will increase signal linewidth for any
spin not in the detection volume of the NMR probe for a period long enough to record
a full free induction decay (FID), as determined by the transverse relaxation T2 56. The
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resulting increase in linewidth due to flow is inversely proportional to the residence
time. Although the expected decrease in resolution with increasing flow rate occurs,
the effect is minor, so that the intrinsic high resolution of the stripline chip still permits
a spectral resolution of approximately 2 Hz for flow rates up to 50 µl/min.
From the spectrum of 0.5 M acetyl chloride in flow, a single scan SNR of 683 is
estimated for the methyl peak. For calculation of the concentration within 1% error, at
least a SNR of 150 is needed57, which is valid for a concentration of more than 0.11 M.
When accumulating 4 or 16 scans, the minimum concentration becomes 55 and 27 mM,
respectively. An SNR of 1:3 is necessary for detection of a peak, corresponding to a
minimum concentration of 2 mM in a single scan. The first measurement is acquired
at an effective reaction time of 2 s. Intermediate products that have a lifetime of
less than 2 s will not be observed. The time between the effective reaction times
at the measurements varies between a few seconds at the beginning of the reaction
up to a minute at the end of the reaction (selected spectra are shown in the figures).
Intermediates that are not present at a time of measurement will not be present in
the spectra. Furthermore, the acquisition time is 1 s; intermediates appearing and/or
disappearing during this period will give dispersive and/or broadened lines58.
Temperature changes can be present as the reaction generates heat or in hot spots.
According to guidelines provided by Westermann and Mleczko59, we operate in a
regime that does not have a high risk on hot spots. Due to the small diameter of the
reaction channel (75 µm) temperature rise is expected to remain well below 1 K.
4.2.4 Conventional NMR experiments
The reaction mixtures were prepared in the fumehood, mixed in a tube and allowed
to equilibrate. After 15 min the mixtures were relatively stable, and the conventional
NMR measurements were performed typically after a reaction time of around 2 h.
After the desired reaction time, a sample was taken and put into a 5 mm (500 µl)
NMR tube and subsequently measured with a commercially available probe in a
Bruker Avance III 600 MHz NMR spectrometer operated with Bruker TopSpin 3.0
software. For each sample, a 1H spectrum, a 13C spectrum, a heteronuclear single
quantum coherence (HSQC)60 spectrum and a heteronuclear multiple-bond correlation
(HMBC)61 spectrum was taken.
100 Chapter 4. Inline reaction monitoring of amine-catalysed acetylation
4.2.5 Data processing
The data were processed with VnmrJ and matNMR62. Advanced Chemistry De-
velopment, Inc. ACD/NMR Processor was used for plotting the conventional 2D
experiments63. The concentration of the methyl products during the reaction were
monitored from the spectra measured in the stripline probe by deconvolution fitting of
the peaks with MatNMR62.
4.3 Results and Discussion
4.3.1 The acetylation of benzyl alcohol with DIPEA
The acetylation of benzyl alcohol without a base catalyst is a slow reaction. The
reaction proceeds via a tetrahedral intermediate and is completed in one day. In
Appendix C.5, the reaction mechanism (Scheme C.1) and a series of NMR spectra
(Figure C.3) that are taken during the conversion are shown. However, the presence
of an amine significantly increases the reaction rate. Several mechanisms that can
play a role have been suggested in the literature52. First of all, HCl is formed in the
nucleophilic addition-elimination reaction, and a basic amine can absorb HCl to form
the corresponding ammonium salt. This would shift the equilibrium of the reaction to
accelerate it. Therefore, we would expect to see protonation of DIPEA, and possibly
the tetrahedral intermediate. Second, the basic amine can deprotonate the alcohol in
trace amounts. However, this process is not expected to be a significant factor since
acetyl chloride and DIPEA react vigorously. Third, it has been suggested that an acetyl
ammonium ion might be formed52, 53. Acetyl chloride and the amine then react to give
ketene and the protonated amine. Ketene is very reactive and reacts with the alcohol
into an ester (reaction k5 in Scheme 4.1) 64 or with the protonated amine to give an
acetyl ammonium ion 9 (reaction k4 in Scheme 4.1)65, 66. These various insights have
been brought together in Scheme 4.1, which we will validate by detailed NMR analyses
as described below.
In situ NMR spectra
To get detailed insights in the reaction mechanism of this fast amine catalysed acetyla-
tion, we performed the reactions in a microfluidic setup (Figure C.1 in Appendix C.1).
The syringes were loaded with A: 0.5 M benzyl alcohol with 0.5 M DIPEA and B:
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Figure 4.1: Selected spectra for the reaction of benzyl alcohol 2 (0.5 M) with acetyl chloride
1 (0.5 M) in the presence of DIPEA 5 (0.5 M). Top: unreacted compounds: acetyl chloride
(A), DIPEA (D), benzyl alcohol (BnOH). The series of in situ spectra show the broadening
and shifting of DIPEA peaks, formation of product benzyl acetate 4 (BnOAc) and intermediate
peaks marked ’k’ (ketene 7) and ’AA4’ (acetyl group of acetyl ammonium ion 9). Bottom:
conventional NMR spectrum after 2 h reaction time. The slightly broadened DIPEA peaks are
shifted to a position of protonated DIPEA 8 and/or acetyl ammonium ion 9 (’AA’).
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Scheme 4.1: Proposed reaction mechanism of benzyl alcohol 2 with acetyl chloride 1 and
DIPEA 5. Acetyl chloride and DIPEA form an unstable tetrahedral intermediate 6, which
gives ketene 7, protonated DIPEA 8 and acetyl-N,N-diisopropylethylammonium ion 9. Benzyl
alcohol 2 reacts with ketene 7 or acetyl ammonium ion 9 into benzyl acetate 4. Diketene 10 is
formed as a side product in trace amounts.
0.5 M acetyl chloride. Comparing the spectra of DIPEA and DIPEA with benzyl
alcohol, protonation of DIPEA from benzyl alcohol is not observed. By keeping the
flow rates constant at a certain flow rate during the acquisition we obtained a steady
state spectrum while the reaction is in progress. By adjustment of the flow rates A and
B, a series of steady state spectra was obtained at effective reaction times ranging from
1.5 s up to 5 min. Selected spectra and a conventional NMR spectrum are shown in
Figure 4.1. Table C.1 in Appendix C.8 gives an overview of the methyl peaks observed
in the reactions discussed in this chapter.
In the ”conventional” NMR spectrum (bottom of Figure 4.1), taken after 2 h reaction
time, we observe the DIPEA peaks at a position (marked ’AA’) shifted with respect to
the original position (marked ’D’ in the top spectrum of the unreacted compounds),
which indicates the protonation of the amine. There are two main methyl resonances
present; the benzyl acetate peak at 2.09 ppm (BnOAc1) and a smaller peak at 2.23 ppm,
which will be discussed in more detail in the next section.
More information can be obtained from the analysis of the stripline NMR spectra of
the ongoing reaction shown in Figure 4.1. The conversion into benzyl acetate can
be monitored nicely using the resonances of the alpha protons. The spectra show
the shifting and broadening of the DIPEA peaks (from ’D’ to ’D+’ and ’AA’), and
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Figure 4.2: Selected spectra for the reaction of acetyl chloride (0.5 M) with DIPEA (0.5 M).
Top: unreacted compounds: acetyl chloride 1 (A) and DIPEA 5 (D). The series of in situ
spectra shows the broadening and shifting of DIPEA peaks, intermediate peaks marked ’k’
(ketene 7 ) and ’AA4’ (acetyl group of acetyl ammonium ion 9). Bottom: two conventional
NMR spectra. After 2 h reaction time, the DIPEA peaks are found at the original position
(D) and at the shifted position acetyl ammonium ion 9 (’AA1,2,3’), the main methyl product is
associated with the acetyl group of the acetyl ammonium ion 9 (AA4). After 2 days reaction
time, the DIPEA/acetyl ammonium ion peaks are broadened.
four peaks in the methyl region can be observed: acetyl chloride (2.69 ppm, labelled
’A’), two intermediates at 2.4 ppm (’k’) and 2.23 ppm (’AA4’) and benzyl acetate at
2.09 ppm (’BnOAc1’).
To simplify the identification of the different steps in the reaction, the interaction of
DIPEA 5 and acetyl chloride 1 was studied separately. Experiments are performed
in a similar way, with syringe A: acetyl chloride (0.5 M) and syringe B: DIPEA
(0.5 M). Figure 4.2 shows selected spectra acquired in the stripline NMR chip, and
two conventional NMR spectra acquired after 2 h and 2 days reaction time. Since all
of these peaks are still present in the conventional NMR spectrum after 2 h reaction
time, we were able to perform conventional 2D NMR experiments of these reaction
products. In order to come to a reaction mechanism, we first need to assign the various
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resonances in the stripline and conventional NMR spectra.
Protonation of DIPEA
The spectra in Figure 4.2 clearly show that the DIPEA peaks first broaden, then split.
Three main resonances are present in the methyl region (2.69 ppm (AcCl), 2.4 ppm,
2.23 ppm), see also Table C.1 in Appendix C.8. A similar effect is seen in the spectra of
the full reaction obtained with the stripline probe (Figure 4.1) showing that the DIPEA
peaks broaden and shift as the reaction proceeds. This suggests (partial) protonation
of DIPEA.
(4.1) D +H+
k1

k−1
DH+
If the resulting protonation/deprotonation process is a fast exchange process, the
position of the resulting (narrow) peak in the NMR spectrum is the weighted average of
the shift of the protonated and unprotonated resonances, whereas in the slow exchange
limit these separate resonances would both be present in the spectrum67. Since we
observe a broadened, averaged signal, we conclude that this is an intermediate exchange
process, meaning that the proton is exchanged from one molecule to another on the
NMR time scale. The observed chemical shift δ is the population averaged shift, where
the populations γi are the relative concentrations:
(4.2) δ(t) =
n∑
i=1
γi(t)δi
For intermediate exchange rates NMR peaks broaden as observed in the spectra,
meaning the lifetime of the species is shorter than the transverse relaxation time T2 and
of similar magnitude of the frequency difference of the individual resonances.67. As the
reaction progresses, the position of the broadened DIPEA peak moves from the original
chemical shift of the unprotonated DIPEA to a position similar to the protonated DIPEA
chemical shift. This shift reflects the gradually increasing protonation of DIPEA during
the course of the reaction.
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(a) 13C spectra
(b) 1H spectra
Figure 4.3: DIPEA (0.5 M) and AcCl (0.5 M) after two h reaction time, for natural abundance
and 13C-labelled AcCl, measured in a conventional 600 MHz NMR spectrometer. In the 13C
spectra (a), the peaks of labelled products in the bottom spectrum are enlarged; the bottom
spectrum has been scaled down (1:6, relative to the CDCl3 peaks), to accommodate for these
intensity differences. The peaks of labelled products that are increased are mainly acetyl
chloride 1, the acetyl group of acetyl ammonium ion 9 (AA4) and ketene 7, but also diketene
10 and some side products are found. In the natural abundance spectrum, we see also the
carbons from the carbonyl groups for ketene 7 and acetyl ammonium ion 9 (AA). In the 1H
spectra (b), the peaks belonging to DIPEA 5 are indicated with D1a-1b, D2 and D3. The
acetyl ammonium ion peaks are at a position shifted from the DIPEA, indicated with AA1a-1b
(partly overlapping), AA2 and AA3. Due to 13C-labelling of acetyl chloride, splitting due to
JCH coupling of the acetyl chloride 1 and product methyl peaks occurs: ketene 7 and acetyl
ammonium ion 9 (AA4), marked with dots. Due to hindered rotation, the acetyl ammonium ion
peaks (AA1-3) are split, which is visible in this spectrum.
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Reaction products of acetyl chloride
To unravel which resonances correspond to the reaction products of acetyl chloride,
labelled acetyl chloride-2-13C was used for the reaction with DIPEA. Figure 4.3 shows
the conventional 13C and 1H NMR spectra after two h reaction time for reactions using
either natural abundance or 13C labelled acetyl chloride. Since we observed protonated
DIPEA 8, the formation of ketene 7 as an intermediate in the reaction is a possible
consequence in this part of the reaction. The 13C chemical shifts of ketene are known
from literature to be 2.5 ppm and 194 ppm68. Both peaks are indeed observed in
the 13C spectrum (Figure 4.3a), confirming the presence of ketene 7 in the reaction
mixture.
The peaks that belong to the reaction products of acetyl chloride can be identified
by their increased peak intensity in the spectrum of the reaction performed with
labelled acetyl chloride relative to the spectrum with natural abundance acetyl chloride.
The methyl region (below 50 ppm) shows that three of the main resonances have
much higher intensity (marked with dots in Figure 4.3a). Since ketene 7 is a reactive
compound we assume that it will react with protonated DIPEA 8 and form acetyl N,N-
diisopropylethylammonium ion 9. With the peaks corresponding to the resonances
of acetyl chloride and ketene already identified, we assign the third peak to the acetyl
group of the acetyl ammonium ion (AA4). Interestingly, we also observe diketene 10
as a side product of the reaction.
To verify that the peaks at 2.5 ppm and 194 ppm in the conventional 13C NMR spectra
in Figure 4.3a indeed belong to ketene 7, and to determine which peak in the proton
spectrum corresponds to ketene, a heteronuclear multiple-bond correlation (HMBC)
spectrum is acquired (Figure 4.4b). It is clear from the connection between the 2.5 ppm
and 194 ppm 13C peaks to the 2.4 ppm 1H peak, that the ketene protons resonate at
2.4 ppm peak in the proton spectrum.
Figure 4.3b shows the proton spectra for reactions of DIPEA with the natural abundance
and the 13C labelled acetyl chloride. For the 13C labelled acetyl chloride, the peaks in
the spectra that belong to the 13C labelled compound are split due to the JCH coupling.
This splitting can be observed for the resonances at 2.69 ppm, 2.4 ppm and 2.23 ppm,
in agreement with the previous findings. In addition, some low intensity peaks at
6 ppm, 2.30 ppm and 2.27 ppm (too small to be marked in the 13C labelled spectrum)
exhibiting JCH couplings are observed. For acetyl chloride a JCH coupling of 133 Hz
is perceived, for ketene 177 Hz and for the acetyl ammonium ion 131 Hz.
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(a) HSQC (b) HMBC
Figure 4.4: Acetyl chloride with DIPEA: conventional 2D spectra after 2 h reaction time, (a)
HSQC, b) HMBC. The HSQC shows the separation of the DIPEA 5 and acetyl ammonium
ion 9 peaks in the 13C spectrum. In the HMBC, other than multiple peaks from DIPEA 5 and
acetyl ammonium 9, we observe ketene 7 (k) at 2.4 ppm in 1H spectrum, and at 2.5 ppm and
194 ppm in the 13C spectrum. Furthermore, acetyl chloride 1 (A), the acetyl group of the acetyl
ammonium ion 9 (AA), side products (SP) and diketene 10 are found.
The acetyl-N,N-diisopropylethylammonium ion 9 has a hindered rotation around the
N-CO bond, therefore the protons 1a are inequivalent and show a split resonance69, 70.
When the initial (fast) part of the reaction is completed, the acetyl ammonium ion
peaks are split as can be seen in Figure 4.3. This is also observed in the series of
spectra in Figure 4.2 (at 5 min reaction time and the first conventional NMR spectrum).
The protons from the acetyl group of the acetyl ammonium ion, marked 1a and 1b
in Figure 4.3, are found as two doublets with 51 Hz splitting with a 1:1 ratio (1a
and 1a’) and one triplet (1b) partly overlapping with the doublet. The other acetyl
ammonium peaks (2 and 3) exhibit a 4.2 Hz splitting. The observed chemical shift
difference between the cis-trans isomers, due to hindered rotation around the N-CO
bond, confirms the presence of acetyl ammonium ion as an intermediate.
As can be observed in the bottom spectrum in Figure 4.2, the DIPEA peaks broaden
again after 2 days. Since the acetyl ammonium ion 9 is not stable this is not unexpected.
Upon dissociation of the acetyl moiety, it may form side products and protonated
DIPEA 8 which, due to exchange with the acetyl ammonium ion 9, will broaden the
peaks.
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Since both acetyl ammonium ion 9 and ketene 7 are unstable compounds, side prod-
ucts are formed during the reaction. Diketene 10 is identified by its resonances at
4.88, 4.53 and 3.93 ppm. Furthermore, a product with resonances at 2.27, 2.3 and
6 ppm is observed. This may be a product of (instable) ketene and/or diketene, since
both disappeared while this product appears. Some minor products at 1.97 ppm and
2.05 ppm that are present in all of the reactions are observed as well. The peak at
2.05 ppm might be from acetic acid, which can be formed from acetyl chloride and
has approximately this chemical shift. Table C.1 in Appendix C.8 gives an overview
of the main peaks that were found in the spectra.
Considering the observed intermediates, acetyl ammonium ion and ketene, several
reaction steps can be envisioned. Acetyl chloride 1 and DIPEA 5 were shown to
react, forming either ketene 7 and protonated DIPEA 8 or acetyl ammonium 9. An
explanation for this could be that the reaction proceeds via an unstable tetrahedral
intermediate 6, which results from addition of the amine to the carbonyl group. The
proposed reaction mechanism is shown in Scheme 4.2.
Scheme 4.2: Proposed reaction mechanism of acetyl chloride 1 and DIPEA 5. The reaction
proceeds via tetrahedral intermediate 6, which gives either ketene 7 and protonated DIPEA 8
or acetyl-N,N-diisopropylethylammonium ion 9. Diketene 10 is a side product.
Reaction mechanism
As ketene 7 and acetyl ammonium 9 are products in the reaction of acetyl chloride
1 with DIPEA 5, it is very likely that they are also present in the first minutes of the
DIPEA catalysed acetylation of benzyl alcohol. Small quantities of ketene 7 are indeed
observed in the stripline NMR spectra shown in Figure 4.1. During the reaction, the
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(a) HSQC (b) HMBC
Figure 4.5: Acetyl chloride 1 and benzyl alcohol 2 with DIPEA 5: conventional 2D spectra
after 2 h reaction time, a) HSQC, b) HMBC. The HSQC shows the direct correlation between
1H and 13C peaks for benzyl acetate 4 (BnOAc), benzyl alcohol 2 (BnOH), protonated DIPEA
8 or acetyl ammonium ion 9 (D+/AA) and its acetyl group (AA4). In the HMBC we find the
correlated peaks of the benzyl acetate 4 (BnOAc), benzyl alcohol 2 (BnOH) and their peaks in
the aromatic region, acetyl chloride 1 (A), and side products.
DIPEA peaks are broadened and shifted to lower field. The acetyl group of the acetyl
ammonium ion 9 appears at the start of the reaction and remains present throughout
the progressing reaction. At the end of the reaction, acetyl ammonium is identified
by the slightly broadened and shifted multiplets in the conventional NMR spectrum
(bottom trace of Figure 4.1). As discussed before, the broadening indicates an exchange
process, suggesting the presence of protonated DIPEA 8. The 2D NMR spectra in
Figure 4.5 show the correlations between the 1H NMR and the 13C chemical shifts.
The peaks of the acetyl group of acetyl ammonium ion are found at the same chemical
shift position as in the reaction with DIPEA (see Table C.1 in Appendix C.8) which
confirms that the acetyl ammonium ion 9 is a reaction product.
The observed reaction products and the protonation of DIPEA suggests that the in-
creased reaction rate of the acetylation in the presence of DIPEA is induced by the
reaction of benzyl alcohol with ketene and acetyl ammonium. Since these products
were found in the reaction of acetyl chloride and DIPEA as well, the proposed re-
action mechanism for the acetylation of benzyl alcohol in the presence of DIPEA is
an extension of Scheme 4.2. Benzyl alcohol may react with either ketene and/or the
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acetyl ammonium ion, forming benzyl acetate. This gives credibility to the reaction
mechanism as shown in Scheme 4.1.
4.3.2 Kinetics
The proposed reaction schemes are explored further using a fitting procedure to a kinetic
model described in Appendix C.3. Considering the large number of reaction constants
(seven for the full reaction) in relation to the limited number of experimental points we
do not claim that we can fully characterise the kinetics with this approach. Nevertheless,
the analysis is useful to determine the relative importance of the various steps in the
reaction. Based on the integrated intensities of the resonances, the concentrations
of the reaction products during the reaction progress are calculated, as shown in
Figure 4.6. A set of differential equations representing the reaction scheme (Eq. (C.2) in
Appendix C.3) is solved while varying the k values to minimise the difference between
experimental and fitted values via an object function F 71, for the concentrations of
acetyl chloride 1, ketene 7 and the acetyl group of the acetyl ammonium ion 9.
For the reaction of acetyl chloride and DIPEA, the reaction scheme shown in Scheme 4.2
gives the best fit to the data, compared to a similar reaction mechanism without an
intermediate and/or different equilibria. Thus, we postulate that the tetrahedral in-
termediate 6 is formed in the first step of the reaction acetyl chloride and DIPEA.
Comparing the backwards and forwards reactions, k−1 is much smaller than k1, and
so, the backwards reaction is assumed to be negligible. Since the concentration of
the tetrahedral intermediate 6 is very small in the model, the backwards reaction can
not be accurately fit and k−1 is set to zero. The tetrahedral intermediate 6 disinte-
grates forming ketene 7 with protonated DIPEA 8 (k2) or the acetyl ammonium ion
9 (k3). These are the fastest steps in the reaction mechanism; the values of k2 and
k3 are much larger than all other reaction constants so the corresponding reactions
can be considered instantaneous. For this reason, the relative ratio between k2 and
k3 (2.4 ± 0.5) is more relevant than their absolute values. Likewise the ratio of the
(much smaller) equilibrium constants of the reactions between ketene 7 and DIPEA
5 with acetyl ammonium ion 9 (K = k4/k−4 = 1.7± 0.5) can be determined more
accurately than the absolute value of the individual rates.
After optimisation we find the k values: k1 = 0.16(±0.03)M−1s−1, k2 = 12s−1,
k3 = 5s
−1, k4 = 0.0035(±0.002)M−1s−1 and k−4 = 0.0020(±0.002)M−1s−1.
The error margin given for the reaction constants reflects the influence on the accuracy
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(a) (b)
Figure 4.6: Modelling of the kinetics of the acetylation of benzyl alcohol, (a) reaction of acetyl
chloride with DIPEA, (b) reaction of acetyl chloride with benzyl alcohol in the presence of
DIPEA. Experimentally derived values of concentrations in the mixture during the reaction are
marked with *, the solid line is the result of the fit. Starting product acetyl chloride 1 (AcCl),
intermediates ketene 7 and acetyl ammonium ion 9 (AA), and end poduct benzyl acetate 4
(BnOAc). The concentrations have been estimated by the relative deconvoluted areas of the
peaks.
of the model. One of the reaction constants is changed, while the other k-values remain
at their optimal value. The relative effect of such a change in k-values on the fit result is
different for each reaction constant. The given amount of deviation of the k-value will
decrease the object function71 of the fit (summed squared residuals) with 5 %. The
values of k2 and k3 can be set much larger, which slightly improves the fit, as long as
the ratio remains 2.4; however, the calculation slows down when these k values are set
too high. The resulting k values suggest that the tetrahedral intermediate 4 is indeed
very unstable, and breaks down into ketene 7 and protonated DIPEA 8, and acetyl
ammonium ion 9, with a preference for the ketene route. Some exchange between
ketene and protonated DIPEA with acetyl ammonium ion is possible, favouring acetyl
ammonium ion, which is the end product at the longest reaction times that we used
in the microfluidic stripline setup. We conclude from the broadening for very long
reaction times that the acetyl ammonium ion 9 partly dissociates, leaving protonated
DIPEA 8 and some side products. This slower process has not been included in the
reaction scheme modelling.
The proposed reaction mechanism of the complete acetylation of benzyl alcohol
(Scheme 4.1) is modelled next. The reaction of DIPEA and acetyl chloride results
in ketene 7 and protonated DIPEA 8 and acetyl ammonium ion 9. Benzyl alcohol 2
112 Chapter 4. Inline reaction monitoring of amine-catalysed acetylation
may react with ketene7 or with acetyl ammonium ion 9, forming benzyl acetate 4. The
direct reaction of benzyl alcohol and acetyl chloride is not taken into account because
it is much slower (hours) relative to the reaction times we studied in-line (seconds to
minutes).
Analogous to the reaction of acetyl chloride with DIPEA, the first reaction step is the
formation of the tetrahedral intermediate 6, in which the forward reaction rate is much
higher than the backwards reaction rate; so, again k−1 was assumed to be negligible and
set to zero. Also as before, the ratio of k2 and k3, in which the tetrahedral intermediate
6 breaks down into ketene 7 and protonated DIPEA 8 or acetyl ammonium ion 9, can
be determined more accurately than the actual values. For the ratio between k2 and
k3, the best fit is found for the value k2/k3 = 2.7(±0.3), thus favouring ketene and
protonated DIPEA formation. Since the concentration of ketene is very small, k4 does
not critically influence the outcome of the model, as long as it is very small and k4 is
therefore set to zero.
Seven k values as indicated in Scheme 4.1 are thus needed for representation of the
reaction with a set of differential equations (Eq. (C.3) in Appendix C.3), which is
optimised with respect to the concentrations of acetyl chloride 1, ketene 7, the acetyl
group of acetyl ammonium ion 9 and benzyl acetate 4. The optimised k values that were
found are: k1 = 0.23(±0.05)M−1s−1, k2 = 3s−1, k3 = 1s−1, k4 = 0M−1s−1,
k−4 = 0.04(±0.2)s−1, k5 = 2.6(±1.3)M−1s−1 and k6 = 0.030(±0.003)M−1s−1.
The given error margin, as before, decreases the variance of the fit with approximately
5 %, reflecting the influence of the fit parameter on the accuracy of the model.
Interestingly, k5 is found to be much larger than k6, which suggests that the formation
of benzyl acetate 4 via the reaction of benzyl alcohol 2 with ketene 7 is the fastest.
After 5 min reaction time the conversion of benzyl alcohol 2 into benzyl acetate 4 is
approximately 56%. The fast part of the reaction is finished by then since there is
no ketene 7 and acetyl chloride 1 left in the mixture. If left to stand for 2 days, the
acetyl ammonium 9 peak diminishes and benzyl acetate 4 increases slightly, which
indicates that the reaction proceeds slowly via the acetyl ammonium route (reaction k6
in Scheme 4.1). The high reactivity/instability of both ketene 7 and acetyl ammonium
9 prevents the achievement of full conversion as witnessed by the formation of diketene
10 and protonated DIPEA 8 leading to various side products.
When the slower reaction steps are left out of the PDE model, it can be simplified into
a two step and three step model, for the reaction of acetyl chloride with DIPEA and the
acetylation of benzyl alcohol in the presence of DIPEA, respectively. The fit results
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are shown in Appendix C.4 in Figure C.2. The variance of the fit decreases with only
approximately 5% for acetyl chloride with DIPEA and with 10% for the acetylation.
4.3.3 Variation of amines as base catalyst
Having established the role of DIPEA in the acetylation of benzyl alcohol we set out to
study different types of amines as catalysts to examine whether the reaction proceeds
via a similar mechanism. DIPEA, triethylamine 11 (TEA) and pyridine 15 differ in
reactivity; pyridine is a weakly aromatic base (acid dissociation constant pKa ≈ 5.2),
TEA and DIPEA have, due to increasing steric hindrance, a reduced nucleophilicity
and a higher base reactivity (pKa ≈ 10.6 and pKa ≈ 11.4, respectively)72. The
proton affinity of DIPEA is highest (984 kJ/mol), that of TEA slightly lower (972
kJ/mol) and that of pyridine lowest (924 kJ/mol)73. With the high proton affinity,
the DIPEA molecule was postulated to act as a proton scavenger while not taking
part in the reaction, due to steric hindrance, contrary to the findings in the previous
section. Pyridine, having lower proton affinity but little steric effects, would instead be
acetylated rather than protonated.
Triethylamine
Figure 4.7 shows a series of stripline NMR spectra, and Figure C.4 in Appendix C.6
shows the conventional 2D NMR spectra for the reaction of acetyl chloride (0.5 M)
and TEA (0.5 M). Peaks of intermediate products, ketene 7 and the acetyl group of
acetyl ammonium ion 14 are found at the same positions as in the reaction with DIPEA.
This suggests that similar products are involved with the proposed reaction mechanism
shown in Scheme 4.3. However, the reaction kinetics are markedly different. The
first step of acetyl chloride reacting with TEA is much faster as compared to DIPEA.
Ketene 7 and deketene 10 form at a much higher rate, being already visible within
1.5 s in the spectra taken with the stripline probe. With the highly reactive ketene 7 and
diketene 10 being formed at high rate, we observe the formation of more side products,
which can be seen in the conventional 2D spectra in Figure C.4.
In Figure 4.8, a series of in situ spectra for the acetylation of benzyl alcohol in the
presence of TEA is shown, and Figure C.5 in Appendix C.6 shows the conventional
2D NMR spectra at later stages in this reaction. In these spectra, benzyl acetate 4
and acetyl ammonium ion 14 are observed with a small amount of acetic acid as a
side product. Much less side products are observed, compared to the spectra of acetyl
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Figure 4.7: Monitoring of the reaction of acetyl chloride (0.5 M) with triethylamine (0.5 M).
Top: unreacted compounds: acetyl chloride 1 (A) and TEA 11 (T). The series of in situ spectra
show the broadening and shifting of TEA peaks, peaks of the intermediates are marked ’k’
(ketene 7) and ’Ac’ (acetyl group of acetyl ammonium ion 14). Diketene 10 is formed as a side
product, also other side products are present at 2 minutes reaction time. Bottom: conventional
NMR spectrum after 2 hours reaction time, the TEA peaks are found at shifted positions, the
main methyl peak is associated with the acetyl peak of the acetyl ammonium ion 14.
Scheme 4.3: Proposed reaction mechanism of acetyl chloride 1 and triethylamine 11. A
tetrahedral intermediate 12 is formed, which breaks down into ketene 7 and protonated TEA
13 or acetyl ammonium ion 14. Diketene 10 is a side product.
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Figure 4.8: Monitoring of the reaction of benzyl alchohol (0.5 M) with acetyl chloride (0.5 M)
and triethylamine (0.5 M). Top: unreacted compounds: acetyl chloride 1 (A), TEA 11 (T) and
benzyl alcohol 2 (BnOH). In the series of in situ spectra the TEA peaks are slightly broadened
and shifted, a small amount of acetyl ammonium ion 14 is present (acetyl peak marked ’AA3’),
benzyl acetate 4 is formed (BnOAc). For longer reaction times the spectra remain similar.
Bottom: conventional NMR spectrum after 2 hours reaction time, the TEA peaks are found at
shifted position, benzyl acetate 4 is formed, also benzyl alcohol 2 remains present.
Scheme 4.4: Proposed reaction mechanism of acetyl chloride 1 and triethylamine 11 with
benzyl alchohol 2. First acetyl chloride and TEA form a tetrahedral intermediate 12, from
which an equilibrium between acetyl ammonium ion 14 and ketene 7 with protonated TEA 13.
Benzyl alcohol 2 reacts with ketene 7 or acetyl ammonium ion 14 into benzyl acetate 4.
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chloride and TEA. With the rapid formation of ketene that is available for reaction
with benzyl alcohol to form benzyl acetate, the reaction is completed within 30 s, the
overall conversion is 57% after 5 min reaction time.
From the NMR analyses, we conclude that the TEA-catalysed acetylation proceeds
similarly to the acetylation in the presence of DIPEA, as summarised in Scheme 4.4.
Despite TEA being a somewhat weaker base, the reaction rates are higher than in the
reaction with DIPEA. This further corroborates that the amine is not merely a proton
scavenger but takes part in the reaction, leading to the formation of ketene, where
steric factors are more important than basicity.
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Pyridine
Despite the fact that pyridine 15 is regularly used as base catalyst in similar reactions,
it is a very different base. From the literature74, 75, we expect an acetyl pyridinium ion
16 to play an important role in this reaction, similar to the acetyl ammonium ion that
we observed in the preceding reactions.
Figure 4.9: Monitoring of the reaction of acetyl chloride (0.5 M) with pyridine (0.5 M). Top:
unreacted compounds: acetyl chloride 1 (A) and pyridine 15 (P). In the series of spectra the
pyridine peaks are found to shift and broaden and an acetate peak for acetyl pyridinium ion 16
is marked (AP1). Bottom: In the conventional NMR spectrum after a few hours reaction time,
the pyridine peaks are sharp and at a shifted position, the acetyl chloride 1 has fully reacted
with pyridine 15 into acetyl pyridinium ion 16.
Figure 4.9 shows the results of the in situ experiments in the stripline probe using
pyridine as a base catalyst. Figure C.6 in Appendix C.7 shows the conventional
2D NMR spectra. In these spectra, a methyl peak at 2.22 ppm is observed at a
similar position as the acetyl ammonium ion 9. Furthermore, during the reaction, the
pyridine peaks are found to shift and broaden suggesting the formation of a complex.
Based on this we conclude that the predicted acetyl pyridinium ion 16 is indeed
formed, in agreement with literature74, 75. Ketene 7 is not observed at any point of
this reaction. We conclude that acetyl chloride 1 and pyridine 15 directly react to give
acetyl pyridinium ion 16 as shown in Scheme 4.5.
The spectra for the pyridine (0.5 M) catalysed reaction of benzyl alcohol (0.5 M)
with acetyl chloride (0.5 M) are shown in Figur 4.10, with the conventional 2D NMR
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Scheme 4.5: Proposed reaction mechanism of acetyl chloride 1 and pyridine 15, giving acetyl
pyridinium ion 16
Figure 4.10: Monitoring of the reaction of benzyl alchohol (0.5 M) with acetyl chloride (0.5 M)
and pyridine (0.5 M). Top: unreacted compounds: acetyl chloride 1 (A), pyridine 15 (P) and
benzyl alcohol 2 (BnOH). In the series of spectra the pyridine peaks are broadened and shifting,
the acetyl peak for acetyl pyridinium ion 16 is found (AP1), benzyl acetate 4 is formed already
in the spectrum after 1.5 seconds (BnOAc). Bottom: In the conventional NMR spectrum after a
few hours reaction time, the pyridine peaks are sharp and at a shifted position, benzyl acetate
4 (BnOAc) is present, benzyl alchohol 2 (BnOH) remains present and a side product (SP) is
formed.
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spectra at a later stage of the reaction displayed in Figure C.7 in Appendix C.7. In these
spectra, a methyl peak at 2.22 ppm and a broadening and shift of the pyridine peaks
are observed as before, suggesting the presence of acetyl pyridinium 16. Already after
1.5 s (top spectrum in Figure 4.10), acetyl chloride 1 has almost completely reacted into
benzyl acetate 4 and acetyl pyridinium 16. Furthermore, benzyl alchohol 2 and some
side product formation, probably acetic acid, is observed. This corroborates that the
acetylation takes place via the reaction of benzyl alcohol with the acetyl pyridinium 16
intermediate as depicted in Scheme 4.6. The reaction rates are much faster compared
to the reaction performed with DIPEA. The overall conversion of benzyl alcohol to
benzyl acetate is similar, however, being 55% after 5 min.
Scheme 4.6: Proposed reaction mechanism of acetyl chloride 1 and pyridine 15 with benzyl
alchohol 2, via acetyl pyridinium 16, forming benzyl acetate 4 and protonated pyridine 17
Conclusion
In the work presented here we show that a microfluidic stripline NMR setup offers the
possibility to study fast reactions in situ. Microreactor technology is advantageous for
very fast and/or exothermic reactions. The acetylation of benzyl alcohol in the presence
of DIPEA was studied in detail and intermediates of the reaction were identified as
ketene and acetyl ammonium ion. The kinetics of this reaction were monitored and
modelled by solving the rate equations for the proposed reaction scheme. Based on
these results, a reaction mechanism via a tetrahedral intermediate was proposed. It
was found that the product is formed most rapidly by the reaction of benzyl alcohol
with ketene. Replacing DIPEA with TEA accelerates the reaction, but the mechanism
remains similar, as suggested by the observation of the same intermediates, ketene and
acetyl ammonium. Using pyridine as a base catalyst, no evidence is found that this
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reaction also proceeds via ketene, but acetyl pyridinium ion 16 was observed.
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Abstract
The Paal-Knorr pyrrole synthesis is of substantial use in synthetic chemistry, never-
theless the reaction mechanism is not completely understood and, moreover, it is a dif-
ficult reaction to perform on industrial scale due to its exothermic behaviour. However,
the Paal-Knorr synthesis can be performed well in a microfluidic setup, that ensures
optimal heat transfer. In this paper, the Paal-Knorr pyrrole synthesis is performed in
a microreactor coupled to a stripline NMR microcoil, obtaining 1D and 2D 1H NMR
experiments under steady state conditions. First, the related reaction of ethanol amine
with 2,5-hexanedione, which comes to an equillibrium, was examined from 1D and 2D
1H NMR spectra. The reaction kinetics model suggested that the nucleophilic attack of
cabonyl group is the rate determing step. However, the pyrrole synthesis completes in a
few minutes. The intermediate products only present in these first minutes are assigned
from a series of 1H NMR and TOCSY spectra measured in stripline NMR under con-
tinuous flow conditions. The reaction mechanism was found to involve cyclisation of the
hemiaminal. Optimisation of the kinetic model showed that the cyclisation is very fast,
whereas the dehydration and addition are relatively slow steps.
5.1 Introduction
Pyrroles are not only important structural elements of many natural compounds, but
also of significant use in synthetic chemistry1, biology, pharmacy2, 3, 4 and toxicology5.
Therefore, synthetic pathways of compounds with a pyrrole ring are subject of much
research 6, 7.
The Paal-Knorr cyclocondensation is a procedure in which complex pyrroles are formed
from primary amines and γ-dicarbonyl compounds (diketones)8, 9. The reaction
mechanism of the Paal-Knorr synthesis has been under some debate in literature,
regarding the intermediates and sequence of the steps involved in the reaction. The
details of the mechanism are relevant for designing synthetic pathways. The generally
proposed mechanisms5, 10, 11 are shown in Scheme 5.1. Two different pathways can be
considered, route A involves cyclisation of the hemiaminal intermediate 3, whereas
route B involves cyclisation of the enamine intermediate 6.
Previous work of Katritzky et al.10 proposes route B, based on 1H, 13C and 15N NMR
analysis of intermediates. However, later studies by Amarnath et al.5, 11 suggest that
route A is the preferred route and that the cyclisation of the hemiaminal 3 is the rate-
limiting step, as deduced from detailed analysis of stereoisomer reactivity, deuterium
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Scheme 5.1: Possible reaction mechanisms of Paal Knorr pyrrole synthesis
labelling and the isotope effect. Mothana and Boyd12 carried out a density functional
theory calculation and concluded that the hemiaminal cyclisation pathway, route A, is
indeed preferred, agreeing with Amarnath et al. Observation of the imine intermediate
5 by Kratritzky et al. may have been explained by formation of imine in equilibrium,
which however is unlikely to cyclise into pyrrole11. Since generally, amines and
hemiaminals are formed in rapid equilibrium, it is suggested that the rate-limiting
step is the cyclisation or the elimination of the diol12. More recently, Akbas¸lar et al.
reported that using boiling water as a solvent, not only qualifies as green chemistry,
but also gives excellent yields13. A reaction mechanism was proposed similar to the
enamine pathway (route A) with protonation from water. Cho et al.14 developed a
solvent and catalyst free method for generating pyrroles with a variety of amines. It
is proposed that the reaction mechanism in acidic and non-acidic conditions differ.
While the formation of enamine and imine is likely in acidic conditions, in non-acidic
conditions it is proposed that the hemiaminal cyclises directly into diol 4, thus following
route A.
Abbat et al.15 carried out quantum chemical calculations on possible mechanisms,
also including mechanisms involving water or proton catalysis, concluding that water
participation could play an important role in reducing energy barriers for cyclisation
by conformational changes in intermediates that release strain involved in the cyclisa-
tion process. Water participation also lowers energy barriers for the following water
elemination steps. The hemiaminal pathway (route A) with explicit water participation
was calculated to be more favourable.
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The Paal-Knorr reaction is a valuable procedure, but unfortunately it is a difficult
reaction to perform at industrial scale, due to exothermic behaviour at high concentra-
tions2. Microreactors can be an answer to this problem, since the high heat transfer
and high mass transfer capabilities enable safe execution of exothermic reactions16, 17.
Taghavi-Moghadam et al.18 performed the Paal-Knorr synthesis under solvent-free
conditions in a microreactor, as a way to optimise the use of resources (solvents).
Nieuwland et al.19 optimised the Paal-Knorr reaction in continuous flow in a mi-
croreactor, showing that the reaction could be well-controlled at high concentrations.
The optimisation was performed on two amine substrates in microreactors with vol-
umes of 0.13 µl and 7.02 µl and resulted in 100% conversion. The experiment was
designed for scale-up, using microstructured reactors with 9.6 ml internal volume.
Jensen et al.4, 20 developed an automated multitrajectory platform with temperature
control, using inline infrared (IR) monitoring of the Paal-Knorr synthesis performed
in a 232 µl microreactor, for maximisation of the production rate and kinetic data
collection. While this efficiently monitors the reaction and the one-step model kinetics,
the reaction mechanism and the intermediates were not studied in these papers. Our
microfluidic NMR setup directly coupled to a microreactor enables online monitoring
of the reaction and studying the intermediate products. Using Nieuwland’s optimised
procedure for the reaction in a microreactor19, the pyrrole synthesis proceeds within a
few minutes with little or no side product. Experiments were performed during the first
few minutes of the Paal-Knorr reaction. Using a series of 1H NMR spectra, we can
follow the concentrations of the reaction products and 2D correlation spectroscopy is
used to obtain information about the molecular structure, in order to gain more insight
into the reaction mechanism, and determine whether ring closure takes place at the
hemiaminal 3 or the enamine 6. First, we focus on the reaction kinetics of 2-hexanone
with ethanol amine, which reacts only at one side of the molecule so that ring closure
cannot take place. Then, we investigate the intermediates found in the Paal Knorr
synthesis, and analyse the kinetic parameters of the full reaction. Knowledge of both
kinetic and mechanistic parameters can be helpful in designing synthetic routes in
chemistry of pyrroles.
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Figure 5.1: Microfluidic NMR setup: a) a picture of the probe. On the bottom of the probe the
microfluidic connections are located. b) A schematic of the microfluidic setup: the solution
flows from the syringe pump on the bottom, to the bottom of the probe, where two reactants mix
in the Y-junction (Y), flowing upwards to the stripline NMR chip, then downwards to a waste
container outside the magnet. c) a picture of the stripline NMR chip, electronic connections at
the bottom and FS capillaries at the top and bottom glued into the chip.
5.2 Experimental section
5.2.1 Microfluidic setup
The microfluidic setup is shown in Figure 5.1. A syringe pump (Fusion 100, Chemyx
Inc.) is placed approximately two metres from the magnet, the pump is loaded with
two syringes (1 ml, gas tight, VWR) containing the reactants. Using a luer lock, the
syringes are connected to two fused silica (FS) capillaries (250 µm I.D., 360 µm O.D.,
Polymicro technologies) running to the bottom of the probe. At that point a Y-junction
(P-773, Upchurch Scientific) brings the two flows together. The solutions mix and
continue through a 55 cm long (75 µm I.D., 150 µm O.D.) FS capillary upwards to
the top of the probe, where the capillary is glued into the stripline chip. At the outlet
of the chip, the FS capillary is connected to a wider capillary (250 µm I.D., 360 µm
O.D.) to prevent buildup of pressure, and is led into the waste (a vessel with acetone
quench) at the bottom of the magnet.
The reaction volume consists of the Y junction (17 nl void volume), 0.55 m of FS
capillary (250 µm I.D.) and the 250 nl volume chip, which amounts up to approximately
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2.6 µl. A steady-state flow is realised through the system, so that the effective reaction
time at the point of measurent depends on the flow rate varying between 0.1 and
35 µl/minute. NMR detection is carried out at reaction times between 2.5 seconds and
10 minutes.
5.2.2 Microfluidic detection
NMR detection takes place in the stripline NMR chip21, 22 that has been described
before in studying the acetylation of benzyl alcohol in similar microfluidic conditions
in Chapter 4. The stripline NMR chip is depicted in Figure 5.1c. The chip consists
of a stack of fused silica substrates (D263T borosilicate, Schott). Two microfluidic
channels are etched in the substrates. For continuous flow reaction monitoring only
one of the microfluidic channels is used, with a detection volume of 150 nl. The radio
frequency (rf) coil resonator and two ground planes are copper electroplated onto the
fused silica substrates. The rf current runs through the rf coil resonator, detection takes
place at the middle part of the stripline (3 mm length), where the width of the strip is
constricted to 0.6 mm to locally increase the rf field at the point of detection. The two
copper ground planes are applied at both sides of the chip parallel to the stripline in
order to concentrate the rf field and to enhance the rf homogeneity22.
5.2.3 Chemicals
All chemicals were used as received without further purification. The reactant solutions
are ethanolamine (ReagentPlus 99% from Aldrich, 50%vol in methanol-d4, 16.5 M)
with 2% 1-bromonaphtalene as an internal standard, 2-hexanone (reagent grade 98%
from Sigma-Aldrich, 50%vol in methanol-d4, 8.1 M), and 2,5-hexanedione (98% from
Sigma-Aldrich, 50%vol in methanol-d4 from Sigma-Aldrich, 8.5 M). Acetone was
used as a quench.
5.2.4 Data aquisition
The 1D stripline NMR spectra are acquired in single-scan or by accumulating 64 scans.
Between scans a relaxation delay of 2 seconds was taken into account for short reaction
times, up to 5 seconds for long reaction times. For processing, zero filling up to 32000
points and an exponential broadening of 0.5 Hz was applied. A 17th order polynomial
fitting was used for baseline correction. The conventional NMR 1D spectra were
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acquired in single-scan.
Two-dimensional correlation spectra were acquired both in continuous flow in the
stripline NMR setup and using conventional NMR. Total correlation23 (TOCSY)
spectra were acquired while flowing at 0.145 µl/minute (accumulating 4 scans with
256 t1 increments and using 2.5 seconds relaxation delay) and at 4.35 µl/minute
(accumulating 8 scans with 256 t1 increments and using 1 second relaxation delay). A
correlation spectrum24 (COSY) was taken while flowing at 1 µl/minute (accumulating
8 scans with 256 t1 increments and 3 secons relaxation delay) In conventional NMR,
TOCSY spectra were acquired accumulating 8 scans with 128 t1 increments.
All stripline NMR measurements are performed at room temperature on a VNMRS
600MHz Varian NMR spectrometer controlled by VNMRJ software. Conventional
NMR experiments were obtained with a 5 mm CryoProbe TCI on a Bruker Avance
III 600 MHz NMR spectrometer controlled by Bruker TopSpin 3.0 software. The
data was processed using matNMR25, ChemBioDraw Ultra26 was used for plotting
molecular structures and as an aid in estimating chemical shifts of the compounds.
MestReNova27 (version 11.03-18688, released 2017-02-08) was used for processing
the 2D spectra.
5.3 Results/Discussion
5.3.1 Ethanol amine and 2-hexanone
Scheme 5.2: Proposed reaction mechanism of ethanol amine 2 and 2-hexanone 9, resulting in
an equilibrium between the products 10, 11 and 12.
In the Paal-Knorr cyclocondensation (Scheme 5.1) 2,5-hexadione 1 and ethanol amine
2 react at both carbonyl groups of the diketone, forming pyrrole either via cyclisation
(route A) or hydrolysis (route B) of the hemiaminal (compound 3). The time required
for conversion of the N,O-acetal (Scheme 5.2, compound 10) is an important factor
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for the mechanism of the Paal-Knorr synthesis. To break down the mechanism of
the Paal-Knorr synthesis in steps, we perform the addition of ethanol amine 2 with
2-hexanone 9, the reaction mechanism of which is depicted in Scheme 5.2. This
reaction provides the N,O-acetal intermediate 10, which converts to the corresponding
enamine intermediates 11 and 12 by elimination of a H2O molecule. Since the reaction
can take place only at one carbonyl group, cyclisation cannot occur and an equilibrium
between the three products is established.
In the stripline NMR detection setup, 1D 1H NMR spectra are acquired under steady
state reaction conditions for reaction times ranging from 5 seconds up to 13 minutes. In
addition, a conventional NMR 1H spectrum (up to 1 day reaction time) and a TOCSY
spectrum (after 10 minutes reaction time) are acquired to aid in assigning the peaks.
For reference, a stripline NMR COSY spectrum is acquired as well, in continuous flow
at 3 minutes reaction time. A selection of the 1D spectra is shown in Figure 5.2. In the
spectra, the four methyl peaks of 2-hexanone and the reaction products can be observed.
The peak of the 2-hexanone methyl group H6 is present at the beginning of the reaction,
but steadily decreases with increasing reaction time. The other 2-hexanone peaks can
be assigned as well from the top spectrum in Figure 5.2. The methyl peak (1) of product
10 is expected to resonate at lower ppm values relative to H6, due to the neighbouring
OH and NH group instead of a double bond, as confirmed by ChemBioDraw chemical
shift predictions26. Similarly, the triplet 103 can be observed at a lower ppm value
relative to H4. Atoms 4, 5 and 6 of compound 10 overlap with atoms 7, 8 and 9 of
compounds 11 and 12 and some of the 2-hexanone peaks, therefore these peaks could
not be clearly resolved in these spectra.
The conventional NMR TOCSY spectrum in Figure 5.3a is acquired after the reaction
is completed (2 hours). By analysing the cross peaks and the peak pattern, the peaks
of compound 11 and compound 12 can be assigned. Cross peaks of triplet 116 to the
peaks of atoms 117, 118 and 119 can be observed, and a weaker coupling with atoms
112 and 111 of the amine moiety. The methyl group 114 is also coupled to the atoms
112 and 111. For compound 12, the methyl peak 124 can be assigned from the coupling
to atom 6, which is very characteristic for this compound. Several more peaks can
be tentatively assigned from the TOCSY spectrum as is indicated in Figure 5.3a, but
overlap of other peaks obscures their exact positions. The stripline NMR COSY in
Figure 5.3b is acquired to determine if we can observe the same cross peaks in the
spectra measured under continuous flow at 1 µl/minute while the reaction is taking
place. When comparing Figures 5.3a and 5.3b, it should be taken into account that
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Figure 5.2: Stripline NMR spectra (in green) and conventional NMR spectrum (in blue) of
the addition of ethanol amine (’A’) to 2-hexanone (’H’), resulting in an equilibrium between
products 10, 11 and 12. The assigned peaks are denoted with subscripts giving the associated
carbon atom numbers according to Scheme 5.2.
a COSY spectrum gives only correlations of coupled spins over up to four bonds,
whereas the TOCSY spectrum shows also multiple bond correlations. The expected
cross peaks are indeed observed as indicated in Figure 5.3b.
Monitoring the kinetics of the reaction between ethanol amine and 2-hexanone
The methyl peaks of 2-hexanone H6 and the three products (101, 114 and 124), as
assigned in the series of spectra in Figure 5.2, are used for monitoring the reaction
progress by integrating the peaks in the spectra at different reaction times. The set of
partial differential equations (PDE) in Eq. (5.1) is used to describe the reaction shown
in Scheme 5.2, where cH represents the concentration of 2-hexanone, c10, c11 and c12
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(a) TOCSY spectrum measured in conventional
NMR after 2 hours reaction time.
(b) COSY spectrum measured in stripline NMR,
with a continuous flowrate of 1 µl/minute, corre-
sponding to a effective reaction time of approxi-
mately 3 minutes.
Figure 5.3: 2D spectra of the reaction of ethanolamine with 2-hexanone. Cross correlation
are indicated with lines, 2-hexanone is indicated in black, 10 in red/yellow, 11 in green and 12
in blue, the conventional NMR 1D spectrum on top gives the atom numbers of the assigned
peaks. For clarity, the top spectrum with assigned peaks in b) is the same as in a).
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the concentrations of products 10, 11 and 12, respectively:
dcH
dt
= −k1c2H + k−1c10(5.1a)
dc10
dt
= k1c
2
H + k−2c11 − (k−1 + k2)c10(5.1b)
dc11
dt
= k2c10 + k−3c12 − (k−2 + k3)c11(5.1c)
dc12
dt
= k3c11 − k−3c12(5.1d)
Using Matlab, the solution of the PDE set is numerically optimised to give the best fit
to the experimental data by minimising the object function28 F , while varying the k
values k1, k2 and k3, and the ratios between forward and backward reactions:
(5.2) F =
∑
(experimental − fitted)2
Figure 5.4 shows the experimental and modelled results.
Figure 5.4: Optimisation of the kinetic model of the reaction of 2-hexanone with ethanol
amine (Scheme 5.2), for concentrations measured from methyl peaks in stripline NMR and
conventional NMR spectra during the reaction: 2-hexanone (black), product 10 (red), product
11 (green), product 12 (blue). Experimental data points are marked with stars, the fit is shown
as a solid line.
The results of the fitting procedure indicate that the first step is rate-determining, and
the optimal rate constant to fit the experimental data is k1 = 8.4 ∗ 10−4M−1s−1. The
ratio between forward and backward reactions critically define the fit result, giving a
fast equilibrium between the three products. The fitted optimum ratios are k−1/k1 =
0.9, k−2/k2 = 0.45 and k−3/k3 = 2.8. The ratio between products 10, 11 and 12 are
138 Chapter 5. Paal-Knorr pyrrole synthesis in a microfluidic NMR setup
constant within 10 - 13% from 3 minutes reaction time onwards. Since the amounts are
determined by the ratio between forward and backward reaction, the value of k2 and k3
influence primarily the first instances of the reaction, which are less accurately defined
because of the smaller amount of product. The fit results suggest that the second and
third step are much faster than the first one (k2 k1, k3 k1). It is determined that
k2 and k3 need to be at least 100 times as large as k1 to give a good fit. As long as this
condition applies, k2 and k3 can be any value, the object function does not deviate
more than 3 percent. For very large rate constants (> 1011), the differential equations
cannot be solved, however.
The fit results suggest that the dehydration (k2) and rearrangement (k3) processes are
very fast with respect to the first step and the equillibrium of the reaction favoures
compound 11.
The optimised k values that were found are: k1 = 8.4 ∗ 10−4M−1s−1, k−1 =
7.6 ∗ 10−4s−1, k2 = 52.7s−1, k−2 = 23.7s−1, k3 = 8.4s−1 and k−3 = 23.5s−1.
Figure 5.4 shows the experimental and modelled results.
5.3.2 Paal-Knorr cyclocondensation
In the complete Paal-Knorr cyclocondensation, diketone (2,5-hexanedione) and ethanol-
amine react into pyrrole. Literature5, 11, 12, 14, 15 suggests that the reaction proceeds
via route A in Scheme 5.1, where the intermediate 3, first cyclises into a diol 4, then
twice eliminates H2O into intermediate 7 and pyrrole 8.
The reaction is allowed to occur in continuous flow in the microfluidic stripline NMR
setup described above, 1H NMR spectra are acquired with reaction times ranging from
2 seconds up to 10 minutes. The reaction proceeds very rapidly as can be observed in
the series of spectra shown in Figure 5.5. After 1 minute reaction time, the reaction
is almost finished. Small amounts of intermediate products are present, the highest
amounts of intermediate products are found around approximately 20 seconds reaction
time. Figure 5.6 zooms in on the resonances of these intermediate products. In the first
instances of the reaction, the peaks that are visible already after 2.5 seconds reaction
time, correspond to the peak pattern that is expected for the first intermediate product,
the hemiaminal 3. These peaks, labelled 3, diminish during the reaction.
To be able to assign more peaks to intermediate products, in addition to the 1D spectra,
TOCSY spectra were taken in continuous flow. A steady-state spectrum obtained at
1 minute effective reaction time is shown in Figure 5.7a. Starting materials and the
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Figure 5.5: Paal Knorr cyclocondensation, a selected series of stripline NMR spectra taken
in continuous flow at given effective reaction times. Indicated are starting materials (D is
diketone, A is ethanol amine) and the end product (P is pyrrole)
Figure 5.6: Paal Knorr, series of spectra acquired in continuous flow in the stripline NMR,
from 2.5 seconds effective reaction time up to 10 minutes. The assigned peaks from the
intermediate hemiaminal (compound 3) is shown, as well as some peaks of the diol 4 and the
final intermediate 7
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(a) Measured in in stripline NMR chip at
continuous flow, 20 seconds effective reac-
tion time
(b) Measured in conventional NMR, start-
ing time of the experiment is 5-10 minutes
after mixing.
Figure 5.7: Paal Knorr reaction, TOCSY measured a) in continuous flow, at 20 seconds effective
reaction time, and b) in conventional NMR 5-10 minutes after mixing. Starting materials (D is
diketone, A is amine) and pyrrole (P) are indicated.
Figure 5.8: Paal Knorr TOCSY measured in continuous flow at 20 seconds effective reaction
time. Assigned peaks are of intermediates 3, 4 and 7. The insets show parts of the spectrum at
different contour depth. The 1D spectrum on top was obtained under the same continuous flow
conditions, before the TOCSY was acquired.
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end product can be distinguished. The TOCSY spectrum in Figure 5.8, acquired in
continuous flow at 20 seconds reaction time, zoom in into the details. The correlation
of the hemiaminal intermediate 3 can be observed through the molecule: 34, 31 and 33
are indicated, but also connections can be observed between 34 and the methyl moiety
as well as 33 and the amine tail (39,10).
In both the 1D spectra in Figure 5.6 and the TOCSY spectrum in Figure 5.8, small
amounts of intermediate product peaks are present in the region below 2 ppm. Since
the products 5 and 6 in Route B do probably not contain methyl resonances in the
region below 2 ppm (from ChemBioDraw chemical shift predictions26), these peaks
(43,4 and 73) confirm the presence of products from route A.
In the TOCSY spectrum in Figure 5.8, in the region just below 2 ppm, we can distinguish
two double multiplets. The double multiplets with highest intensity increase first in
Figure 5.6 show cross peaks to the methyl moiety around 1.3 ppm, corresponding
to the expected peak pattern for the diol 4 and assigned 43,4. These multiplets show
cross peaks to the methyl moiety around 1.3 ppm, corresponding to the expected
peak pattern. Therefore, the lower amount of product, which does not show other
couplings, is assigned to the final intermediate 73. Furthermore, at around 1.3 ppm
multiple overlapping peaks increase at different rate, therefore probably belong to
different compounds. The resonances of the methyl moieties in the proximity of the
OH-group are expected to be found in this region: 36, 48,9 and 78, and cross peaks
with neighbouring nuclei are observed for compounds 3 and 4.
In the region above 3 ppm, overlap of the intermediate peaks with the relatively large
peaks of the amine and pyrrole, complicates the interpretation. Furthermore, the amine
tails (39,10, 410,11 and 79,10) are not expected to couple strongly to the peaks from
the ring, as is also the case for pyrrole, due to the presene of the nitrogen atom in
between. Although a cross peak with 33 and 39 seems to be present. The inset in
Figure 5.8 shows that the intermediate product peaks at around 3.75 ppm consists of
several overlapping peaks, since the cross peaks are found at slightly different position
indicated in black, blue and green. The three sets of peaks probably belong to the three
amine tails of the intermediates 3, 4 and 7, but cannot be resolved.
In Figure 5.9, a TOCSY spectrum is shown which is acquired in continuous flow at 1
minute effective reaction time. It can be observed that the intermediate products have
been diminished.
For reference, a conventional NMR TOCSY spectrum is included in Figure 5.7b.
Acquisition started as soon as possible after mixing the reactants, i.e. 5-10 minutes
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Figure 5.9: Paal Knorr TOCSY measured in continuous flow at 1 minute effective reaction time.
Assigned peaks are of intermediates 3, 4 and 7. The insets show the same lines as Figure 5.8,
showing that some of the intermediate product peaks have diminished. The 1D spectrum on
top was obtained just before the TOCSY experiment under the same conditions.
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reaction time, the spectrum is acquired in approximately 30 minutes experiment time.
After 5-10 minutes, when the mixture is loaded into the spectrometer and acquisition
can be started, the reaction is approximately completed as can be observed from
Figure 5.5. Over the 30 minutes measurement time, any present intermediates will be
further diminished. It is however possible that small amounts of intermediate products
are still present and can be detected by the conventional NMR experiment. This is
not the case for this experiment, as no useful information can be obtained regarding
cross peaks of the fast intermediates from this spectrum. This demonstrates the benefit
of being able to measure a 2D spectrum with a relatively long acquisition time in
continuous flow at a steady state condition at a constant short effective reaction time.
Monitoring the kinetics of the pyrrole synthesis
Since the kinetic parameters are of interest for synthetic chemistry of pyrroles, we fit
our data to a kinetic model of the reaction. In Figure 5.6, a series of 1D NMR spectra
shows the conversion from ethanolamine and diketone into pyrrole. For each of the
steady state spectra, the concentrations of the reactants and intermediate products
(hemiaminal 39, 31, 34, diol 43,4 and final intermediate 73) were obtained by peak
deconvolution, so that the reaction progress can be monitored. Although our data does
not consist of sufficient data points to formally solve this model, it gives an impression
of the results that are obtainable and we can qualitatively distinguish the influence of
rate limiting steps in the reaction models.
Route A in Scheme 5.1 was found in literature5, 11, 12, 14, 15 and as was confirmed in
our experiments to be the most probable pathway for cyclocondensation, and can
be represented by the set of partial differential equations (PDEs) in Eq. (5.3). The
concentrations of the reactants are cA for ethanolamine, cD for the concentration of
diketone, cP for the concentration of pyrrole, and c3, c4 and c7 the concentrations of
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Figure 5.10: Optimisation of the kinetic model of the pyrrole synthesis, according to route A
in Scheme 5.1. Experimental data marked with *, fit results in a solid line. Starting products
ethanol amine in teal, and diketone in green. The intermediate products in blue (’3’), black
(’4’) and magenta (’7’), and end product pyrrole in red.
compounds 3, 4 and 7, respectively.
dcA
dt
=
dcD
dt
= −k1cAcD + k−1c3(5.3a)
dc3
dt
= k1cAcD − (k−1 + k2)c3 + k−2c4(5.3b)
dc4
dt
= k2c3 − (k−2 + k3)c4 + k−3c7(5.3c)
dc7
dt
= k3c4 − (k−3 + k4)c7 + k−4cP(5.3d)
dcP
dt
= k3c7 − k−4cP(5.3e)
The best fit of the PDE set to the experimental data is found by minimising the object
function F 28 in Eq. (5.2), while varying the k values k1, k2, k3 and k4, as well as the
ratios between forward and backward reactions.
The results indicate that for this reaction model, the nucleophilic attack is relatively
slow and is a rate limiting step (k1 = 1.8 ∗ 10−2M−1s−1). The ratio between k1 and
k−1, and k2 and k−2, must stay the same for a good fit, 0.053 and 2.5 respectively.
However, the ratios k3/k−3 and k4/k−4 are very large, as the backwards reactions are
negligible.
We evaluate the effect of varying the k-values on the goodness of the fit. Increasing k1
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a factor 10, gives a 20% larger value for the resulting object function F. When k3 is
factor 10 times as large, the resulting object function F increases with 44%. However,
k−3 can be decreased to 0, or increased without affecting the fit result significantly.
Since k3 << k−2 and k−3 << k4, the third reaction step, the dehydration step, is
also relatively slow. The second and fourth step can be increased without affecting the
fit much, for example increasing k2 and k4 106 times, gives deviations of the object
function F within only 1.5% and 0.5%. At the same time, k−4 cannot be larger than
the given value for a good fit, but it can be decreased to 0. From this we can conclude
that the reaction rate is determined by the first step (nucleophilic attack) and the third
step (dehydration), whereas cyclisation is a relatively rapid step.
For the reaction of ethanol amine with 2-hexanone, we found the dehydration to be a
very fast process. The k-value that was found for the dehydration was at least 0.08s−1
(100 times the first step), with values possibly ranging up to 52.7s−1. For this reaction
the dehydration (steps 3 and 4) is a similar process, so similar reaction rates may be
expected. The dehydration rates of the cyclocondensation lie close to the minimum
value of the range of k-values found for the reaction of ethanol amine with 2-hexanone,
with values of 0.1 and 0.5s−1 for k3 and k4.
The optimised k values that were found are: k1 = 1.8∗10−2M−1s−1, k−1 = 0.34s−1,
k2 = 1.15s−1, k−2 = 0.46s−1, k3 = 1.1 ∗ 10−1s−1, k−3 = 0.22s−1, k4 = 0.5s−1
and k−4 = 5 ∗ 10−2s−1. Figure 5.10 shows the experimental and modelled results. It
can be observed that the fit results match the data well, except for the final intermediate
product 7. It has to be taken into account that the low concentrations of the intermediate
products were difficult to determine accurately, because of the overlap with larger peaks.
Especially the data set of product 7 shows large deviations, so a good fit for this product
cannot be expected.
Variations of fit model
Since the fit results suggest that the reaction is determined by two steps (k1 and k3),
while the other two steps (k2 and k4) are in effect instantaneous, it is interesting to fit
the data to a variation of the previous model, a two step reaction model, summing all
intermediate products in one.
(5.4) A+D
k′1

k′−1
Intm
k′2

k′−2
P
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Figure 5.11: Optimisation of the kinetic model of the pyrrole synthesis to a two step model.
Starting products ethanol amine in teal, diketone in green, and end product pyrrole in red. The
intermediate product in orange, marked ’Intm’. Experimental data is marked with *, fit results
in a solid line. The results can be compared to the fit result in Figure 5.10 given in dashed
lines, where the intermediate products are summed in an orange dotted line.
The result is shown in Figure 5.11, with the obtained k-values k’1 = 0.02M−1s−1,
k’−1 = 0.11s−1, k’2 = 0.04s−1 and k’2 = 7 ∗ 10−4s−1, this gives indeed a good
approximation.
The optimised parameters found for the PDE’s in Eq. (5.3) are not a unique solution
for the reaction, therefore some variations in the reaction model are explored. In order
to observe if the rate limiting steps are necessarily at the steps k1 and k3 as was found,
or can be placed differently as well, we simulate a reaction model with the rate limiting
steps at different places in the reaction. The rate limiting step can be placed at steps k2,
k3 and k4, by increasing the values of k3 and k4, k2 and k4, and k2 and k3, respectively,
to 10 s−1. The value of k1 was not varied this way because it directly influences the
rate of the reaction, instead the value of k1 was optimised as before for each of the
scenarios. The values of the rate limiting steps and the ratios between forward and
backward reaction are optimised by minimising the object function. We observe that
for all scenarios the overall reaction rate remains similar, however the concentrations
of intermediate products show large differences. Figure 5.12a shows the fit results
when placing the rate limiting step at the second step of the reaction model. Here
only one intermediate product 3 is observed, because the next steps are so fast that
the products 4 and 7 react very quickly into pyrrole. This is not in agreement with
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(a) Rate limiting step at second
step k2
(b) Rate limiting step at third
step k3
(c) Rate limiting step at fourth
step k4
(d) Rate limiting step at third and
fourth step, the values k3 and k4
are equal
Figure 5.12: Optimisation of the kinetic model of the pyrrole synthesis, according to route A
in Scheme 5.1, with rate limiting steps placed at the given point in the reaction model. As in
Figure 5.10, the experimentally observed (*) starting products are ethanol amine in teal, and
diketone in green, intermediate products are given in blue (’3’), black (’4’) and magenta (’7’),
and the end product pyrrole in red. The solid lines are the fit results for the rate limiting steps
artificially placed at the given place in the reaction, as described in the text. The fit results
obtained according to route A in Scheme 5.1, without an artifical rate determining step, as
shown before in Figure 5.10 are given as a comparison in dashed lines. Only for c) and d)
the three intermediate products are correctly produced by the applicable model. In d) the two
dehydration steps (step 3 and 4) are equal, which gives the best fit.
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the experimental data. Similarly, when the rate limiting step is placed at the third
step, only two intermediate products are observed, shown in Figure 5.12b. When
placing the rate limiting step at the last step (Figure 5.12c), we find three intermediate
products, which is in agreement with the experimental data. However, comparing the
fit results for this model with the experimental data, there is a difference in the amount
of intermediate product, less of product 4 and more of product 7 can be observed.
For further adjustment of the model, we might assume that the two dehydration steps
(step 3 and 4) have more or less the same value, as the type of reaction is equivalent.
Abbat et al15 find similar values for the theoretical calculations of the activation energy
for both steps, whereas the values calculated by Mothana et al12 are twice as high
for the second dehydration step. In Figure 5.12d, the results can be found when the
values for k3 and k4 are forced to be equal and only the reaction rate of the cyclisation
step (k2) is increased. The values are k1 = 0.02 M−1s−1 (optimised), k2 = 10 s−1
(constant), k3 = k4 = 0.25 s−1 (optimised). The fit results match the experimental data
very well, which suggests that the assumptions that the nucleophilic attack (first step)
is slow and the cyclisation (second step) is very fast, while the dehydration steps are
equal gives a good desciption of the reaction. It is interesting to note the k1 values that
were found by optimisation are the same for every model.
According to literature the reaction rate is determined by either the cyclisation step
(k2)5, 11, 12 or elimination of diol (k3 and k4)15. Also, water participation, solvent
and acidity was found to be influencing the activation barriers of both processes, in
particular facilitating the cyclisation step15. Our results indicate that after the first
reaction step, the dehydration process determines the rate of the reaction, although it is
a very fast process. We find that the cyclisation step is the fastest step of the reaction.
In literature12, a rapid equilibrium between amine and hemiaminal is suggested, which
is the first step of our reaction model. However, we find that in comparison with the
other steps, the first step determines the overall rate of the reaction. The finding that
the cyclisation step is very fast is in agreement with route A, since this is faster than
the dehydration in the alternative way via route B.
5.4 Conclusions
We performed the Paal-Knorr pyrrole synthesis in continuous flow in a microfluidic
reaction setup coupled to a stripline NMR detection microcoil. The Paal-Knorr syn-
thesis is a very fast and exothermic reaction that completes in a few minutes, and is
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therefore difficult to monitor with NMR spectroscopy in a conventional lab setup. Our
microfluidic setup enabled us to follow the reaction in detail during the progress of the
reaction.
We examined two reactions, first the addition of ethanol amine and 2-hexanone and
second the Paal-Knorr cyclocondensation in which ethanol amine and 2,5-hexanedione
react. The first reaction involves similar compounds as the Paal-Knorr cyclocondensa-
tion, but the ring closure step cannot take place and the reaction comes to an equilibrium.
The products in this reaction could be assigned from a TOCSY spectrum, acquired in
a conventional NMR setup after the reaction was stable. The kinetic parameters of the
reaction were approximated by fitting the data to a kinetic model. It was found that the
nucleophilic attack of the carbonyl is a rate determining step, whereas the dehydration
steps are very fast.
In the Paal-Knorr cyclocondensation, ethanol amine and 2,5-hexanedione react into
pyrrole in a few minutes reaction time. In the stripline NMR setup, we performed
a series of 1D measurements and TOCSY measurements in continuous flow during
the progress of the reaction. This enabled us to assign some key intermediate peaks,
that were not observable in the conventional NMR spectra. These findings confirm
the reaction mechanics via route A in agreement with what is proposed in litera-
ture5, 11, 12, 14, 15. From the series of 1D spectra in the first minutes of the reaction, the
reaction kinetics could be monitored and fitted to a kinetic model. The results indicate
that the nucleophilic attack and the dehydration process are the relatively slow, rate
determining steps, whereas the cyclisation process is very fast.
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Abstract
Flow-through electrochemical conversion (EC) of drug-like molecules was hy-
phenated to miniaturised nuclear magnetic resonance spectroscopy (NMR) via on-
line solid-phase extraction (SPE). After EC of the prominent p38α mitogen-acti-
vated protein kinase inhibitor BIRB796 into its reactive products, the SPE step
provided preconcentration of the EC products and solvent exchange for NMR ana-
lysis. The acquisition of NMR spectra of the mass-limited samples was achieved
in a stripline probe with a detection volume of 150 nl offering superior mass sen-
sitivity. This hyphenated EC-SPE-stripline-NMR setup enabled the detection of
the reactive products using only minute amounts of substrate. Furthermore, the
integration of conversion and detection into one flow setup counteracts incorrect
assessments caused by the degradation of reactive products. However, apparent in-
terferences of the NMR magnetic field with the EC, leading to a low product yield,
so far demanded relatively long signal averaging. A critical assessment of what is
and what is not (yet) possible with this approach is presented, for example in terms
of structure elucidation and the estimation of concentrations. Additionally, promis-
ing routes for further improvement of EC-SPE-stripline-NMR are discussed.
6.1 Introduction
Whereas hyphenation of electrochemical conversion (EC) and mass spectrometry (MS)
has become an established technology, e.g. for studying drug metabolism to simulate
cytochrome P450 biotransformation1, this is not true for hyphenation of EC and nuclear
magnetic resonance spectroscopy (NMR). Although EC-NMR is not an entirely new
idea2, 3, it has not been extensively studied. To some extent, this may be due to the
mutual influence EC and NMR conditions may have, that is disturbance of the magnetic
field homogeneity in NMR and/or of the EC processes by induction of additional
currents4. Despite this, EC-NMR has been applied frequently and successfully to the
study of processes at electrode surfaces by solid-state NMR techniques5. However, in
the context of pharmaceutical applications, such as studying of redox pairs in vitamins6
or structure elucidation of electrochemical products of drug-like compounds, the liquid
state and bulk view is more desirable. Since the 1970s, a few groups have designed
in situ EC-NMR probes where EC is carried out directly in the field region of the
NMR, either in static4 or continuous-flow approaches2. This allows a direct look at the
EC reaction, its products and intermediates without delay. This approach has several
disadvantages and limitations, such as the need for a dedicated NMR probe, the need
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to use the same (inert deuterated) solvent in NMR and EC, and the possible overlap
of analyte peaks with signals from additives like buffers and electrolytes. Recently,
EC-NMR was reported for the analysis of EC products of acetaminophen, using a
conventional 60 µl NMR flow cell under steady state conditions7. Though high-quality
spectra were achieved with commercially available equipment, the other disadvantages
remain in effect. As demonstrated in hyphenation of liquid chromatography (LC)
and NMR8, 9, some of these problems can be solved by the application of an on-line
solid-phase extraction (SPE) step to decouple EC and NMR.
With respect to the application of EC-NMR in the drug discovery process, where
initially only a few milligrams of a compound is available, a number of different
setups are available10. Given the small sample amounts, an amperometric setup
with a thin-layer cell is to be preferred over a coulometric setup. In addition, a flow-
through approach is advantageous for the detection of unstable/reactive products10, 11.
Obviously, limiting the amount of sample used results in high demands on the NMR
sensitivity, which is a weak spot of NMR. To enhance NMR sensitivity, there is a
strong trend towards capillary or chip-based NMR techniques. While higher sample
concentrations are required in capillary NMR to achieve comparable performance in
terms of spectrum quality, the total amount of sample necessary can be reduced up to
100-fold8. In microfluidic NMR, the sensitivity is improved by decreasing the detection
volume in order to achieve high concentrations for mass-limited samples, because the
same number of molecules is more effectively measured in a smaller volume12. As EC-
NMR is somewhat underdeveloped, the implementation of miniaturisation and cryo
technology in EC-NMR probes has not yet been reported. A relatively new trend in chip-
based NMR is the stripline geometry featuring a planar resonator, which is optimised
on radio frequency (rf) homogeneity, sensitivity and spectral resolution13. Previously,
the stripline-NMR chip has been successfully used to analyse low concentrations of
metabolites in human cerebrospinal fluid14. Moreover, the microfluidic stripline chip
is perfectly suited for in situ measurements, for instance in a flow of analyte directed
from the SPE to the NMR. Therefore, we chose a stripline-NMR setup for the detection
of the relatively low sample amount produced by our EC setup.
Though requiring low absolute amounts of sample, the stripline-NMR setup demands
high analyte concentrations. To this end, the intermediate SPE step enables significant
sample preconcentration next to providing a favorable solvent exchange. The complete
integration into one flow system in the EC-SPE-stripline-NMR platform greatly con-
tributes to limiting the time elapsing between generation and analysis, thus preventing
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degradation.
In order to achieve a more realistic assessment of the current state of this EC-SPE-
stripline-NMR technology, we studied EC reactions of the p38α mitogen-activated
protein kinase (p38α) inhibitors BIRB796 and SB203580, which are highly relevant
in contemporary drug discovery15, 16. BIRB796 is currently studied in clinical phase
III for the treatment of rheumatoid arthritis and Crohn’s disease15. The EC production
of reactive or unstable conversion products of BIRB796 has been reported11.
6.2 Materials and Methods
6.2.1 Chemicals
Acetonitrile (ACN, LC-MS grade) and formic acid (ULC-MS grade) were delivered by
Biosolve (Valkenswaard, The Netherlands). Water was purified by a Milli-Q academic
from Millipore (Amsterdam, The Netherlands). BIRB796 (N -[3-(tert-butyl)-1-(4-
methylphenyl)-1H-pyrazol-5-yl]-N ’-[4-[2-(4-morpholinyl)ethoxy]-1-naphthalenyl]-u-
rea) (structure in Figure 6.1) and SB203580 (4-[4-(4-fluorophenyl)-2-(4-methylsulfinyl-
phenyl)-1H-imidazol-5-yl]pyridine) were obtained from various sources. All other
chemicals were obtained from Sigma-Aldrich (Schnelldorf, Germany).
Figure 6.1: BIRB796 and its initial EC products. Electrochemical O-dealkylation at oxygen 9
results in the three major products shown. If not measured directly (on-line), these products
undergo degradation reactions11
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6.2.2 Electrochemical conversion
EC was achieved in a ROXY EC system (Antec, Zoeterwoude, The Netherlands)
consisting of a µ-PrepCell and a ROXY potentiostat. The µ-PrepCell consists of
a three electrode setup with a glassy carbon working electrode, a titanium counter
electrode and a HyREFTM (Pd/H2) reference electrode. A spacer thickness of 150 µm
was employed resulting in a volume of 12 µl in the cell. The EC reaction mixture was
supplied by a syringe pump at a flow of 5 µl/min, converted at the working electrode
at a direct current voltage of 0.7 V, and directed to the SPE. The mixture consisted of
10% aqueous ACN containing 370 µM ammonium formate/630 µM formic acid (pH
3.5) and 200 µM BIRB796.
The EC of BIRB796 was monitored at 254 nm at four different flow rates of 5, 10,
20 and 40 µl/min by LC - UV (LC-20 system, Shimadzu, ’s-Hertogenbosch, the
Netherlands) and analysed using a calibration curve of the standard (0 - 400 µM). The
gradient, solvents and stationary phase used were the same as published earlier11.
6.2.3 On-line solid-phase extraction
A SecurityGuard 4 × 2.0 mm C18 cartridge (Phenomenex, Utrecht, The Netherlands)
was used. All steps were executed at room temperature at a flow rate of 5 µl/min. The
trapping of the standards from the EC reaction mixture was done for 30 min, but the
product mixture of BIRB796 was trapped for 60 min in order to achieve comparable
concentrations for the competing quinoneimine and hydroquinone (see Figure 6.1).
After a wash step with 99% D2O and 1% ACN-d3 for 10 min, the analytes were eluted
with DMSO-d6 for 11 min. Finally, the wash step was repeated for re-equilibration.
Additionally, a 200 µM 10% aqueous ACN solution of SB203580 containing 2%
DMSO (due to solubility issues with SB203580) and 1 mM ammonium bicarbonate
(titrated to pH 10 with sodium hydroxide) was trapped and eluted, but not converted,
using the same protocol.
6.2.4 Stripline chip, probe, and microfluidics
The stripline-structured rf coil consists of a stack of glass or fused silica substrates
with etched microfluidic channels (see Figure D.1a in Appendix D.2)14. The copper
structures, two ground planes and the rf coil resonator, are sputtered and electroplated.
A constriction in the middle of the rf detector locally enhances the current density,
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which results in a high rf field at the position of detection. The rf field is concentrated
and rf homogeneity is enhanced by the two copper ground planes above and below the
stripline. The layers are assembled and merged together with a bounding process so
that they are leakage-free and stable. In the fused silica substrates, two microfluidic
channels are etched, with a volume of 150 nl each, which may contain the sample; only
one channels is used here. Fused silica capillaries (75 µm ID, 150 µm OD, approx.
15 cm long, Polymicro Technologies, Phoenix, AZ, USA) are glued into the top and
bottom of the chip into the microfluidic channels to function as inlet and outlet. Via
nanotight PEEK unions (P-779, Upchurch Scientific, Oak Harbor, WA, USA), both
fused silica capillaries were connected to larger capillaries (150 µm ID, 360 µm OD at
the inlet side and 250 µm ID, 360 µm OD at the outlet side) at the base of the magnet
in order to protect the µ-PrepCell by avoiding a pressure buildup in the system higher
than 10 bar. The inlet capillary was connected to the six-port switching valve (made
in house) following the SPE unit. At the end of the outlet capillary, a shut-off valve
(P-732, Upchurch Scientific) was used to prevent the sample from leaking out of the
measurement area during measurements lasting longer than one hour. The homebuilt
probe consists of an aluminum cylinder, the top of which is divided into halves in
which the chip and the electronics circuit are placed 14.
6.2.5 Acquisition and processing
The stripline-NMR measurements were performed at room temperature in a VNMRS
600 MHz Varian NMR spectrometer, operated with VNMRJ software (Agilent, St.
Clara, CA, USA). The 90◦ pulse length was 1.95 µs at 10 W power. At the start of the
experiments, the shimming of the stripline-NMR probe was once performed on a 70%
ethanol solution. Then, the chip was thoroughly flushed with solvent. With the sample
solution in the probe, the shims were only slightly adjusted. Tuning and matching was
performed on the sample in the probe.
The elution monitoring experiments by SPE-stripline-NMR (see Figure 6.3) were
carried out by averaging 4 scans for one data point every 15 s. All other NMR
experiments were performed in stopped-flow mode. The 3 mM BIRB796 standard
spectrum (Figure 6.4b) was measured in 256 scans with a relaxation delay of 1 s; the
acquisition took 9 min. The SPE-stripline-NMR spectrum (Figure 6.4c) was measured
by accumulating 1,024 scans, taking 51 min. The EC-SPE-stripline-NMR sample
(Figure 6.4d) was measured in an array of 25 times 256 scans with a relaxation delay
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of 2 s. The scans were summed afterwards. The complete experiment took 12 h and 25
min. A total correlated spectroscopy (TOCSY) spectrum (Figure 6.5) was measured
acquiring 128 t1 increments of 16 scans with a relaxation time of 2 s. A mixing time of
50 ms with MLEV-17 spinlock was used17. The experiment took approximately 2 h and
45 min. A correlation spectroscopy (COSY) spectrum (Figure D.1b in Appendix D.2)
was measured using 256 t1 increments of 256 scans on the SPE-trapped sample18.
The experiment took 45 h.
The 1 mM standard of BIRB796 depicted in Figure 6.4a was measured accumulating
618 scans with a relaxation delay of 1 s. The product mixture shown in Figure 6.6b
and c, before and after storage at room temperature, was measured with a relaxation
delay of 2.3 s using 130 and 160 scans, respectively. The COSY of the product mixture
(data not shown) is measured obtaining 256 t1 increments of 8 scans with a relaxation
delay of 2 s. More details on the off-line EC experiments measured by conventional
NMR can be found in Appendix D.1.
Data processing was done with MatNMR19. A zero filling up to 32,000 points and a
line broadening of 1 Hz were used for noise reduction. An asymmetric least squares
function was employed for baseline correction20. For peak-picking, a Lorentzian to
Gaussian resolution enhancement (exp -0.7, Gauss -1.5 Hz) was applied. The 2D
spectra were plotted using MatNMR and ACD/NMR Processor21.
6.2.6 EC-SPE-stripline-NMR setup
A schematic diagram of the setup is given in Figure 6.2. The three syringe pumps
(Model 11 Plus Advanced, Harvard Apparatus, Holliston, MA, US), which were placed
at ca. 1 m distance to the magnet, were linked to a four-way connector (VICI, Schenkon,
Switzerland) and delivered in turn the EC reaction mixture, the wash solution and
DMSO-d6. The EC reaction mixture passed the µ-PrepCell before arriving at the
connector. The liquid from the four-way connector was guided to the SPE cartridge,
which was connected to a six-port switching valve. During the trapping and half of the
wash step, the SPE eﬄuent was directed to waste in order to prevent contamination of
the NMR probe with buffer salts and protonated solvents. When the wash step was
halfway finished, the valve was switched and the wash solvent cleared the probe of
analyte from the previous measurement. Afterwards, the new sample was eluted from
the SPE cartridge with DMSO-d6 into the stripline-NMR probe. When the elution was
complete, the valve was switched again and both the re-equilibration and the trapping
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step could be performed during sample measurement. Because the correct timing of
the elution is essential and the void volume negatively correlates with repeatability,
all connection volumes have been optimised (see Figure 6.2), within the limits of the
above mentioned pressure restrictions. The comparably large void volumes V1 and
V2 are necessary for bubble-free filling of the µ-PrepCell.
Figure 6.2: EC-SPE-stripline-NMR setup. The void volume of all connecting capillaries is
specified
6.3 Results and discussion
The initial step in the EC-SPE-stripline-NMR setup was the EC of the substrate at
a thin-layer electrode in the flow-through setup. Simultaneously, the products and
residual substrate were trapped on the on-line SPE cartridge. After conversion/trapping,
buffer salts and protonated solvents were washed away. Finally, substrate and products
were eluted with DMSO-d6 into the stripline-NMR probe. There, 1H NMR as well as
COSY and TOCSY spectra were recorded with excellent mass sensitivity.
6.3.1 Optimisation of EC and SPE steps
The EC conditions were transferred from a method published earlier11, which used the
same EC setup but with a ReactorCellTM instead of the µ-PrepCell. It was expected
that a higher concentration of substrate could be converted with the µ-PrepCell. Indeed,
instead of the low to medium conversion at 10 µM with the ReactorCellTM 11, ∼90%
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consumption of BIRB796 was observed at 200 µM and 5 µl/min with the µ-PrepCell as
assessed by LC-UV. The manufacturer indicates the optimal flow rate of the µ-PrepCell
to be between 20 and 50 µl/min. As a decrease in product consumption to ca. 50, 30
and 5% was observed for 10, 20 and 40 µl/min, respectively, the original flow rate of
5 µl/min used in the ReactorCellTM was considered optimal.
Trapping of the 200 µM standard of BIRB796 was possible for ca. 60 min. If trapping
was continued after this period, breakthrough was observed. That indeed breakthrough
was the cause of the detected analyte signal and not overloading of the stationary
phase can be rationalised by comparing the trapped analyte weight of 32 µg with the
estimated cartridge loading capacity of ∼1 mg.
6.3.2 SPE-stripline-NMR
This paragraph deals with the optimisation of the flow system and especially the
hyphenation of the SPE and the stripline-NMR step. Although the experiments were
carried out in the complete EC-SPE-stripline-NMR setup, EC was not yet applied.
Contrary to off-line SPE, where the sample is obtained as a homogeneous solution in
a predefined volume, the elution of the analytes in on-line SPE is comparable to an LC
experiment without retention. Therefore, the determination of the void time equivalent
to the elution time of the analytes is critical to the success of the stopped-flow stripline-
NMR measurements. With the void time known, the flow can be stopped when the
top of the elution peak is in the stripline-NMR channel. Obviously, an accurate and
repeatable elution is one major determinant of the sensitivity of the system. The
1H signals of the tert-butyl group of BIRB796 and of the methyl group of SB203580
allowed us to follow the elution of both compounds by stripline-NMR in the final
EC-SPE-stripline-NMR setup, albeit with the voltage switched off. The reconstructed
SPE-stripline-NMR chromatograms and their Gaussian fits are shown in Figure 6.3.
The effective elution time, including the time to reach the stripline chip, was around
11 min for both compounds, its difference of 0.7 min being lower than the accuracy
of the Gaussian fits (≤0.9 min). The elution time is expected to be the same for all
compounds not showing significant retention under these strong eluting conditions.
This makes the SPE step widely applicable to compounds with medium to low polarity.
The full width at half maximum (FWHM) for BIRB796 and SB203580 is 2.2 min or
11 µl and 1.4 min or 7 µl, respectively. The resulting concentration factor at half height
should therefore be around 15- to 20-fold. On the one hand, this results in a rather
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inefficient use of the sample, considering that the detection volume is only 150 nl. To
some extent, this is due to the low flow rate applied, in combination with the large void
volume which results from the use of a 2 mm I.D. SPE cartridge, a conventional six-way
switching valve, and the long transfer tubing allowing the necessary distance between
the SPE setup and the stripline-NMR probe. On the other hand, it reduces the strain
on the repeatability of the elution, because even a deviation of ∼1 min leads to only
50% signal reduction, and on the sensitivity of the NMR experiment used to follow it,
because multiple NMR spectra can be added to create one data point while following
the elution. Both advantages are not to be underestimated when using such a highly
experimental setup. However, the experimental data suggests that the signal would be
strong enough to follow the elution using single scans instead of the four scans used per
data point in these experiments. This would allow increasing the data point frequency
from 0.07 to 0.33 Hz, thus enabling the detection of peaks with FWHM ≥12 s (7 data
points above 10% signal). Thus, the elution volume at half height could in principle
be reduced to 1 µl which would result in a ca. 10-fold gain in analyte concentration or
equal reduction in substrate consumption through improvement of the SPE dimensions.
At the moment, the substrate consumption of the EC-SPE-stripline-NMR is six times
less than in the conventional NMR. When considering that only 1 or 2% of the sample
was actually measured in the EC-SPE-stripline-NMR, this difference theoretically rises
to approximately 300-fold.
Figure 6.3: Reconstructed SPE-stripline-NMR chromatograms. Elution of BIRB796 (dots) and
SB203580 (boxes) from the SPE was monitored in real time by stripline-NMR using 1H signals
from a tert-butyl and a methyl group, respectively. The calculated elution time served as basis
for the alignment of analyte peak and measurement area
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In order to assess whether the SPE step has an influence on the stripline-NMR, we first
measured a 3 mM standard of BIRB796 by direct infusion into the stripline-NMR probe.
The results were compared to a 30-min trapping and elution of a 200 µM standard.
The aromatic region of the BIRB796 spectra obtained under different experimental
conditions is presented in Figure 6.4 whereas the corresponding chemical shifts and
J-couplings are summarised in Table D.1 in Appendix D.3. All C-H signals are found
at the same chemical shifts in both measurements; the maximum deviation is about
0.05 ppm for proton 35. Similar differences are observed between conventional spectra
in either DMSO-d6 or ACN-d3 which indicate that most likely small differences in
residual ACN concentration cause these effects. Additionally, the chemical shifts of
BIRB796 measured by conventional NMR in DMSO-d6 do not deviate by more than
0.05 ppm from the stripline-NMR measurements in the same solvent (see Figure 6.4
and Table D.1 in Appendix D.3), except for protons 12, 16 and 17 whose peaks
change positions in the spectra between Figure 6.4a and d. This allows comparison
to off-line EC samples measured with conventional NMR. The exchangeable protons
attached to the urea nitrogen atoms (N20 and N23) are no longer observed in the
sample measured by SPE-stripline-NMR which indicates a very efficient exchange
with deuterons. By comparing the average signal-to-noise ratios (SNR) of several
peaks in the stripline-NMR and in the SPE-stripline-NMR spectrum, a concentration
of 2.4 mM (12-fold) could be estimated for the SPE-stripline-NMR experiment which
fits well to the previously calculated 15-20-fold concentration at half height.
Furthermore, we recorded a COSY spectrum of BIRB796 by SPE-stripline-NMR.
All expected coupling peaks were observed (see Figure D.1b in Appendix D.2) in
effectively measuring as little as 360 pmol of sample. Unfortunately, an extensive
measurement time (45 h) proved necessary, as an attempt at recording a shorter COSY
spectrum on the 3 mM standard was not successful. In the stripline-NMR experiment,
relatively broad lines are found to which the long measurement time without lock might
contribute. For a COSY, the diagonal peaks are in-phase whereas the cross-peaks
have an anti-phase character, which may lead to vanishing signals in the case of broad
peaks. This is in contrast to a TOCSY experiment, in which all peaks show in-phase
absorptive lineshapes. It makes the TOCSY a more suitable experiment in our case.
Therefore, we tried a TOCSY experiment on the standard, which took only 2 h and
45 min and provided a much clearer correlation. As can be seen in Figure 6.5 and
Figure D.1b (see Appendix D.2), the same 3J-couplings between protons 11 and 12,
15 and 16, and 17 and 18 are observed in the COSY and in the TOCSY spectrum.
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Figure 6.4: NMR spectra of the aromatic region of BIRB796. For the numbering, please
refer to Figure 6.1. Spectra measured (a) in conventional NMR (1 mM, 618 scans), (b) in
the stripline-NMR setup (3 mM, 256 scans), (c) in the SPE-stripline-NMR setup (200 µM,
1024 scans), and (d) in the full EC-SPE-stripline-NMR setup (product mixture generated from
200 µM, 25x256 scans). The spectra displayed are limited to the aromatic region for better
visibility. The chemical shifts and J-couplings are described in Table D.1 in Appendix D.3. The
product mixture in (d) is further described in the next section and Table D.2 in Appendix D.3
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Figure 6.5: TOCSY spectrum of BIRB796 standard in the stripline-NMR
6.3.3 EC-SPE-stripline-NMR
After an initial validation of the SPE-stripline-NMR part of the integrated platform,
the next step was the measurement and structural analysis of the EC products of
BIRB796. For assessment of the possibilities and limitations of the platform as
well as for validation of the structural analysis, the on-line spectra are compared
to reference spectra obtained off-line by collection, evaporation and reconstitution
with a conventional NMR probe. There is a significant difference in the overall time
consumption of the experiments which stresses the advantage of the EC-SPE-stripline-
NMR over the conventional approach for the detection of reactive products and is
shared by the larger scale flow approach7. The preparation for the conventional
NMR measurements often took more than a regular working day (see Appendix D.1),
meaning that for between 8 and 24 h the sample was subjected to degradation and for at
least 7 h at room temperature. In the EC-SPE-stripline-NMR, the time delay between
generation and analysis was ca. 80 min. Though the NMR measurement itself was
significantly longer, the products are far less likely to degrade in the elution solvent
than in the reaction solvent, for example by acid-catalysis hydrolysis or dehydration11.
Figure 6.6a shows that degradation is not observed in the EC-SPE-stripline-NMR
setup.
For BIRB796, three main products are expected from EC-MS experiments11. The
EC reaction is an oxidative O-dealkylation at the ether function. It produces 2-
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Figure 6.6: Aromatic region of the product mixture. (a) The sample measured by EC-SPE-
stripline-NMR is magnified to reveal small product peaks. (b) The sample is measure off-line by
conventional NMR directly after re-dissolving and (c) again the next day after storage at room
temperature to show the stability of the different products. The substrate peaks are marked
with s, the hydroquinone marked with h and the quinoneimine with q. The quinoneimine is
less stable than the hydroquinone11. After storage, the quinoneimine is not detected any more.
This can be used additionally to distinguish the two products. An overview of the NMR signals
of the two products in a numerical format can be found in Table D.2 in Appendix D.3
6.4. Conclusions and perspectives 167
morpholinoethanol, a quinoneimine and a hydroquinone structure (Figure 6.1). 2-
morpholinoethanol was not observed in the EC-SPE-stripline-NMR spectrum, probably
because it is too polar to be trapped by reversed-phase SPE. In the EC-SPE-stripline-
NMR measurement, mainly the substrate and weak signals of the two other products
are found, indicating low conversion efficiency in the EC-SPE-stripline-NMR, which
conflicts with the high conversion rate measured by LC-UV. This might be due to inter-
ference of the magnetic field with the electrical currents of the EC. Unfortunately, the
low conversion significantly hinders the routine application of the current setup for the
structure elucidation of the products. Some improvement in the product SNR, either by
increased EC conversion, by an improved SPE method or by improved stripline-NMR
sensitivity, is still needed before the EC-SPE-stripline-NMR can be used for product
structure elucidation independently.
However, if the structure of the products is elucidated with the off-line EC experiments
measured by conventional NMR, the fingerprint can be used to identify the products
present in the EC-SPE-stripline-NMR spectrum (see Table D.2 in Appendix D.3).
Figure 6.6b shows the peak assignments in the aromatic region after off-line EC. These
assignments were supported by a COSY spectrum (data not shown) and analysis of the
J-couplings of these samples. Some peaks overlap with peaks from solvent constituents
in the EC reaction mixture which complicates a clear assignment. Next to the substrate,
BIRB796, the hydroquinone and quinoneimine conversion products are observed.
The peaks for 2-morpholinoethanol cannot be assigned with confidence, because the
aliphatic region shows a lot of interferences and only minor differences with the parent
chemical shifts are expected. Having the fingerprint of the hydroquinone and the
quinoneimine from the off-line experiment enables us to identify some of their peaks
in the EC-SPE-stripline-NMR spectrum and thereby confirm their presence. This
is shown in Figure 6.6a which is a zoom of Figure 6.4d. Comparison of the data in
Figure 6.6b and c shows that the peaks of the reactive/instable quinoneimine disappear
after storage as is expected from earlier studies11.
6.4 Conclusions and perspectives
This study revealed the potential of the hyphenation of EC and miniaturised NMR in
the proposed way. The EC-SPE-stripline-NMR platform allowed the acquisition of
1H NMR and COSY as well as TOCSY proton-proton correlation spectra at substrate
concentrations compatible with a high conversion rate in EC. The spectral resolution
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and SNR is not as high as in the off-line experiments, but the differences are subtle
considering that for the EC-SPE-stripline-NMR experiments six times less substrate
was consumed. Employing a test compound which shows simpler NMR spectra, more
pronounced spectral differences between substrate and product, and a higher conversion
rate in EC might have lead to even higher quality NMR data, but consequently might
have overestimated the usefulness of this technology at its current state of development
in a drug discovery/development setting. The fact that every step of this hyphenated
technology as well as the hyphenation itself can be improved significantly, either with
existing technology or with easily imaginable technological improvements, promises
this technology a future place in the analytical toolbox. Even despite these possibilities,
the integration and miniaturisation already allows the use of 10-fold lower substrate
concentrations at comparable sample volumes than recently published combinations
of EC with conventional flow probe NMR7. Additionally, both flow-based approaches
limit the time delay between product generation and analysis, thus counteracting
interferences by degradation.
Possible improvements of the EC-SPE-stripline-NMR platform can be readily indi-
cated. The relatively new stripline-NMR technology still awaits integration of recent
improvements in NMR systems. For example, the addition of a deuterium lock channel
would allow longer measurement times without compromising the resolution, thus
improving sensitivity. However, interestingly, the maximum measurement time of
12.5 h (12,800 scans) for a 1H NMR spectrum, applied in this study, did not result in
increased line width for the 9H peak compared with the 512 scan or even the single
scan spectrum of the same EC-SPE-stripline-NMR sample. Measurements of a 3 mM
BIRB796 standard gave a line broadening of 0.2 Hz from single scan up to 256 scans.
At longer measurement times, double lines are observed in some rare cases which
may be prevented by use of a lock channel. A further advancement could be achieved
by integration of cryotechnology, which has led to an up to sixfold increase in sensi-
tivity in other miniaturised probes22. This might fill an existing gap in quantitative
integration which requires an SNR of 150 in order to achieve less than 1% error23. In
the EC-SPE-stripline-NMR (12,800 scans), the conversion mixture gave an SNR of
75 for the doublet of proton 18 of the substrate and of only 5 for the hydroquinone.
Thus, the SPE-stripline-NMR combination is only a factor of two short of achieving
sufficient quality 1D spectra from 300 µl sample material at 200 µM concentration. An
additional way to improve sensitivity is found in the stripline-NMR chip. The limit of
detection (LOD), which is given by the number of spins in 1 Hz bandwidth that need to
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resonate to achieve an SNR of 1 in a single scan13, is with 4 · 1013 spins/√Hz a factor
of three higher than the theoretical value. This discrepancy is mainly attributed to
losses due to the use of glass as a chip substrate. Therefore, other chip substrates might
improve the sensitivity significantly. A fused silica chip is currently under development,
and the first tests indicate that lower LOD, thus higher sensitivity, can be expected.
Another contribution to higher sensitivity may come from an improved resolution of
the chip, since the line width negatively correlates with SNR. We found an FWHM of
around 3 Hz, although in a previous stripline-NMR chip we have found an FWHM of
less than 1 Hz24. Thus, improvements in line width are also anticipated for the newly
designed chip. Together with the change in chip substrate, this is expected to improve
SNR by at least a factor of five. The main challenge in this study was the unexpectedly
low conversion rate. If the conversion rate of 60% (long collection, estimated) to 90%
(short conversion, measured) of the off-line experiments would have been achieved
in the EC-SPE-stripline-NMR setup, the resulting four to sixfold sensitivity increase
would be sufficient for acceptable product spectra.
Furthermore, improved tuning of the elution volume of the on-line SPE step to the
stripline-NMR probe, bridging the 50-fold gap between measurement and elution
volume, would allow increased sensitivity or decreased substrate consumption and
trapping time as well. Although a second alternative would be the use of commercially
available 5 µl NMR probes, these do not promise additional mass sensitivity as re-
ported concentrations and measurement times are comparable to those reported for
the stripline-NMR herein25. Therefore, it is likely more beneficial to bridge this gap
by miniaturisation of the on-line SPE step.
In conclusion, the proposed improvements provide ample opportunity to close the
small sensitivity gap to achieve a productive hyphenation of EC to miniaturised NMR,
provided the conversion rate in EC can be brought to the off-line level.
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Appendix A
Supplemental Information for
Chapter 2: Stripline NMR
experiments of subµl volume samples
A.1 TOCSY spectra of strigolactons Nijmegen-1 and DMSL
slow
(a) Nijmegen-1 (b) DMSL slow
Figure A.1: TOCSY spectra of strigolactones Nijmegen-1 and DMSL slow. In red the D-ring
and in blue the ABC structure, measured in the stripline NMR chip
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A.2 1H NMR chemical shifts of synthetic strigolactones,
measured in stripline NMR
Table A.1: Overview of chemical shifts of peaks in the 1H NMR spectra measured in the
stripline NMR chip, shown in Figure 2.9
N1 GR24 6Me-GR24 f 6Me-GR24 s 8Me-GR24 f 8Me-GR24 s DMSL f DMSL s
H3a - 3.93 3.94 3.94 3.91 3.92 3.52 3.55
H4 - 3.9, 3.42 3.06, 3.41 3.08, 3.38 3.05, 3.40 3.06, 3.41 2.21, 2.58 2.25, 2.65
H5 7.75 7.23 - 7.49 7.05 7.06 7.04 7.05 1.84 2.01 1.87 2.05
H6 7.87 7.23 - 7.49 7.40 7.39 7.22 7.23 1.51 1.47 1.50 1.54
H7 7.87 7.23 - 7.49 7.11 7.11 7.04 7.05 1.51 1.47 1.50 1.54
H8 - 7.23 - 7.49 - - - - - -
H8b 7.75 5.93 5.94 5.92 5.98 6.01 5.20 5.23
H9 3.74 (OMe) - 2.36 2.36 2.42 2.44 1.84, 2.01 1.87, 2.05
H2’ 6.22 6.197.23-7.49 6.18 6.25 6.15 6.20 6.14 6.16
H3’ 6.91 6.99 6.97 7.02 6.96 6.97 6.91 6.93
H6’ 7.92 7.23-7.49 7.48 7.53 7.46 7.49 7.35 7.37
H7’ 1.94 2.01 2.05 2.03 2.01 2.03 1.89 1.92
A.3 13C NMR chemical shifts of synthetic strigolactones,
measured in solid state NMR and stripline NMR
Table A.2: Chemical shifts of the peaks in solid state 13C NMR spectra, shown in Figure 2.11,
and the stripline HMQC spectrum shown in Figure 2.10b, chemical shift differences (∆ (ppm))
for 8-Me-GR24 fast and slow
N1 GR24 6Me-GR24 f 8Me-GR24 f 8Me-GR24 s ∆ (ppm) 6Me-GR24 s stripline
C2 - 174.0 174.4 173.6 173.8 0.2 -
C3 102.1 112.4 112.7 114.2 113.8 0.4 -
C3a - 12.6? 32.3 39.8,35.8 38.3 1.5, 2.5 38
C4 171.1? 38.3 40.0 ? ? - -
C4a - 137.0 141.1 144.3 142.7 1.6 ?
C5 - 127.0 129.6 131.0 131.8 0.8 124
C6 - 127.0 137.8 127.2 130.1 2.9 ?
C7 - 127.0 125.9 123.3 124.3 1.0 126
C8 - 127.0 125.9 139.8 136.7 3.1 124
C8a - 141.9 141.1 137.0 135.6 1.4 ?
C8b 171.1? 88.1 86.8 86.1 86.9 0.8 84
C9 - - 21.4 20.3 18.5 1.8 20
C2’ - 103.5 102.3 102.3 102.9 0.6 100
C3’ - - 137.8 141.5 138.6 2.9 141
C4’ - 137.0 136.0 133.9 134.5 0.6 -
C5’ - 171.1 169.2 170.4 170.9 0.5 -
C6’ - 157.6 157.5 154.5 159.6 5.1 150
C7’ 10.6 9.6 11.6 10.9 10.9 0.6 9
OMe 52.5 - - - - - -
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Chapter 3: Continuous Flow 1H and
13C Microfluidic Stripline NMR
B.1 Technical details NMR stripline chips
In general, the chips are composed of substrates of glass or fused silica (outer dimen-
sions 25 mm x 10 mm). The stripline structure is copper electroplated (15 µm thick)
onto the substrate using a 200 nm/15 nm thick copper/chromium seed/adhesion layer.
The ground planes are applied on both sides of the stripline structure as electroplated
Cu on substrates or as copper foil. At each side of the stripline, fluidic microchannels
were etched or diced.
Figure B.1: NMR stripline chips used in this study: chip (A), chip (B), chip (C), d) shows the
schematic cross section of chip (A) and (C). e) shows the schematic cross section of chip (B).
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Design A: The stripline chip has two microfluidic channels into which the inlet and
outlet capillaries are fastened by ceramic glue. The chip is made of 4 substrates of
100 µm thickness (D263T borosilicate, Schott) on which the copper stripline structure
and shieldings are deposited, and microfluidic microchannels are isotropically etched.
After mounting in the probe, the two halves of the probe hold the stripline together
and make the ground connection. Fused silica capillaries (Polymicro Technologies, 75
µm ID, 150 µm OD) are glued into the inlet and outlet (Ormocer ceramic glue). The
stadium-shaped detection volume is approximately 400 µm wide and 150 µm deep.
Microchannel detection volume of a single microchannel: 165 nl (3 mm strip) (note
that the stripline design makes use of two microchannels, on either side of the chip,
possible). The thickness of the chips is 460 µm.
b) Design B: The stripline chip has one microchannel diced into the substrate into
which a FS capillary containing the sample can be placed. The chip is made out of
two fused silica substrates (500 µm thick). On one side the copper stripline structure
is deposited. The two parts are bonded using FEP foil (fluorinated ethylene propylene;
type 100C20, thickness 25 µm, DuPont) at 250 ◦C and a pressure of ca 70 bar. Both
parts contain a diced groove of 400 x 400 µm, through which a FS capillary (250 µm
ID, 360 µm OD) is loaded which is used as the microfluidic microchannel. Copper foil
is used as shielding on both sides without bonding, short circuit is separately soldered
onto the chip. Single microchannel sample volume: 150 nl, Thickness of the chip:
1100 µm, excl. shielding foils.
c) Design C: Similar design as chip (A), but made in thicker glass substrates (150 µm).
Therefore, the fluidic microchannel is also wider and the connecting FS capillaries have
a larger diameter (100 µm ID, 200 µm OD). Single microchannel detection volume:
245 nl (channel width: 400 µm, channel depth: 200 µm, 3mm length strip) Thickness
of the chip is 630 µm.
B.2 Fabrication details of fused silica stripline NMR chips
The base material of the NMR-chips is fused silica. Figure B.2 shows an overview of
the fabrication process of high-sensitivity stripline chips. Prior to sputter-deposition
of a metallic copper-chromium thin-film on the frontside of fused silica substrates
(100 mm diameter, thickness 525 µm, double-side polished; universitywafer.com),
the substrates are cleaned using immersion in fuming 100% nitric acid for 10 min
(Selectipur 100453, BASF) and boiling 69% nitric acid (VLSI 116445, BASF) for 15
B.2. Fabrication details of fused silica stripline NMR chips 177
Figure B.2: Overview fabrication steps for high-sensitivity stripline NMR-chips in fused silica
(DSP: double side polished; IBE: ion beam etching)
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Figure B.3: Schematic representation (a), topview image (b) and cross-sectional images (c-e)
of high-sensitivity stripline-based NMR-chips in fused silica. In b) the cross-sectional view-line
x-x’ is indicated of which c)-e) are images. In f) a schematic cross-section indicates where
images c)-e) are taken.
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min, followed by quick dump rinsing in de-mineralized water and spin-drying. Sputter-
deposition at room temperature (argon pressure 0.67 Pa; Ar purity 99.999%) is done
on a home-built DC-magnetron sputtering system. A 15 nm layer of chromium (target
purity 99.95%; Kurt J. Lesker) is used as adhesion material for the 200 nm thick copper
seed layer (target purity 99.999%; Kurt H. Lesker). Deposition from 2 inch targets
is done without breaking the vacuum. Onto this metallic film a 24 µm thick layer
of high-aspect ratio photoresist (AZ9260, AZ Electronic Materials; MicroChemicals
GmbH) is spin-coated, which is patterned by means of standard UV-lithography. The
pattern defined in the photoresist resembles the stripline structure, onto which a 15 µm
thick copper layer is electroplated. Amongst other parts, the home-built electroplate
set-up comprises a glass container with the electrolyte solution and a power supply
(Dynatronix, model DuPR10-1-3) to accomplish plating of copper on the seed layer.
The applied DC current density is 0.75 A per square decimeter of seed layer surface area.
In order to obtain a uniform copper layer, during electroplating at room temperature,
the electrolyte solution near the surface to be plated is continuously refreshed by means
of vertical movement of a sprayhead (fully immersed in the electrolyte) at 30 mm
distance of the surface and recirculation of the electrolyte with a pump (Masterflex). A
volume of 10 liter electrolyte contains 1 kg copper salt (copper(II)-sulfate-pentahydrate,
Schlo¨tter Galvanotechnik GmbH), 1.1 liter 96% sulphuric acid (VLSI UN1830, BASF),
1.5 ml 50% hydrochloric acid (VLSI UN1790, BASF), 100 ml HL11 starter and 2.5 ml
HL13 grain refiner (Schlo¨tter Galvanotechnik GmbH), and de-mineralized water added
to reach the given volume. After reaching the targeted Cu thickness (after ∼ 36 min),
the substrate is thoroughly rinsed with de-mineralized water to prevent oxidation of
the electroplated metal. Subsequently, the photoresist is removed with acetone (VLSI
100038, BASF), followed by removal of the Cu/Cr-seed layer by means of ion beam
etching (Oxford i300 with in-situ SIMS end point detection system; Argon pressure
0.3 mTorr, temperature 25 ◦C, current ∼ 122 mA). In the backside of this substrate
a 400 µm wide and deep groove/slit is diced, which is aligned with respect to the
electroplate copper structure (Disco DAD-321 dicing machine; thermo-carbon TC-400
dicing blade, 25 krpm rotational speed, 6 mm/s feed speed), followed by dicing into
samples of 25 mm × 10 mm. In a blank fused silica substrate a groove/slit chamber
with similar dimensions is diced, followed by division into samples of 20 mm × 10
mm. The difference in length of the samples is required to be able to electronically
contact the copper structure after assembly of the NMR-chip.
A stack of a sample with copper and a blank sample is realized in a home-built mold,
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which is used to ensure that both sample chambers are well-aligned with respect to the
stripline as well as to each other. In-between the two samples, a sheet of fluorinated
ethylene propylene (FEP) is placed (FEP type 100C20, thickness 25 µm, DuPont).
After clamping of this stack configuration in a home-built clamping tool, this tool
is loaded into a vacuum furnace (modified Heraeus system, with Edwards pressure
controller). The temperature of this system is increased to 260 ◦C, at which it was
maintained for 4h. This temperature in combination with the load on the stack (ca. 70
kg/cm2) ensures that the FEP bonds onto the copper/glass of the samples above/below
the sheet, and that the FEP sheet is squeezed between the copper structures, which is a
requirement to minimize distortions in the magnetic field (i.e. susceptibility match).
Last step in the fabrication process of these stripline NMR-chips is finalization of the
stripline geometry by means of assembly of separate copper foils on both sides of the
FEP-bonded glass-stack. Prior to mounting of configured stripline chips in the probe of
the NMR measurement set-up, fused silica capillaries (PolyMicro Technologies; outer
diameter 360 µm, inner diameter 250 µm) are inserted in the grooves/slits, which serve
as fluidic chambers. Figure B.3 shows a series of images of high-sensitivity stripline-
based NMR chips. In Figure B.3a a fully assembled chip is shown. In Figure B.3b a
schematic topview is given with outer dimensions. Figures B.3c-e are cross-sectional
images along the line x-x’ shown in Figure B.3b: both diced grooves/slits are well-
aligned with respect to each other and the stripline (Figure B.3c), and this FEP-sheet
indeed fills the gaps in the Cu-structure near the stripline (Figures B.3d and B.3e). The
small gap underneath the FEP foil visible in Figure B.3d is an artifact caused by the
cross-sectional cutting procedure.
Of the above-mentioned process, the steps ‘substrate cleaning’, ‘sputtering of Cu/Cr’,
‘lithography on AZ9260 photoresist’ and ‘stack-alignment’ should be done in a clean-
room environment, to avoid problems with dust-particles. In our case ‘clamping at
elevated temperatures’ and ‘dicing’ was also done in a cleanroom, but this is not a
necessity. All other process steps, i.e. electroplating and finalization of the chips with
copper sheets, are done in non-conditioned laboratory environments.
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B.3 Homebuilt probeheads
Two homebuilt probes were used in this work; a single resonance probe with a 1H
channel and a double resonance probe with a 1H channel and a variable frequency
X-channel. In the probe design symmetry and simplicity of the probehead are of great
importance. The single resonance (1H) probe consists of a long aluminium cylinder,
divided in two halves. The chip and circuit board exactly fit into trenches at the top of
the probehead. The stripline structure is connected to tuning capacitors on one side and
to ground on the other side by soldering. The return line connection is given by direct
contact between the copper planes and the aluminium cylinder. This parallel rf circuit
is capacitively coupled and matched to the 50Ω rf-connection. The tuning- and match
capacitors (small Voltronics non-magnetic quartz trimmers and DLI non-magnetic
ceramic chip capacitors) are mounted on a printed circuit board (PCB) and placed in
one of the two halves of the aluminium cylinder. The rf circuit of the single resonance
(1H) probe is shown in Figure B.4a.
In the double resonance (HX) probe, the stripline chip is placed in a gold-plated
copper cylinder, divided in two halves, both with milled trenches fitting the chip. The
stripline is inserted as a short circuit at one side and soldered to a two channel tuning-
and matching circuit on the other side. Both channels have capacitors connected to
ground for tuning and series capacitors for matching end coupling with the NMR
transmit/receiver channels. The X-channel is equipped with a parallel LC-filter circuit
to block the 1H frequency entering the X-channel. The tune- and match capacitors are
mounted on a platform just below the chipholder and connected with a handformable
coaxial cable to the rf-connectors. The chipholder is mounted in the center of this
platform. The tune/match platform is mounted on top of an aluminium tube which is
part of the probe housing. The rf circuit and pictures of the double resonance (HX)
probe are shown in Figures B.4b to B.4d.
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(a) Rf circuit of single reso-
nance 1H probe
(b) Rf circuit of double reso-
nance HX probe
(c)
Picture
of double
reso-
nance
HX
probe
(d) Picture of
opened top of
double resonance
HX probe
Figure B.4: Schematics of the rf circuits of single resonance 1H probe (a) and double resonance
HX probe (b), pictures of the double resonance HX probe showing (c) the stripline chip on top
and the electronic and microfluidic connections on the bottom, and (d) the opened top of the
probe with the microfluidic FS capillaries connected.
B.4 Microfluidics
For pumping the solution through the stripline NMR chip, one or two syringe pumps
(NE-1000, New Era Pump Systems Inc.) were used, with syringes (1 to 5 ml, luer lock
gas tight, SGE Analytical Science and VWR), connected by approx. 3 m long fused
silica capillaries (360 µm O.D., 250 µm I.D., Polymicro Technologies) to the top of
the probe. For chip (A) and (C) (B.1), a union (Upchurch Scientific, P-779) was used
to make the connections to smaller diameter fused silica capillaries (chip (A): 150 µm
O.D., 75 µm I.D., chip (C): 200 µm O.D.,100 µm I.D., Polymicro Technologies),
which were glued into the inlet and outlet of the chip. At the outlet another union
(Upchurch Scientific, P-779) was used to connect to a wider capillary (360 µm O.D.,
250 µm I.D.) that led to a waste glass container at the bottom of the magnet. The
connections to larger diameter FS capillaries at the inlet and waste lines were used to
prevent buildup of pressure in the system. For chip (B) a fused silica capillary (360 µm
O.D., 250 µm I.D.) runs through the chip, which was only fixed at the top to prevent
motion, by leading it through a hole in a TEFLON disc. The FS capillary is connected
to syringe pump and waste in the same way as with chips (A) and (C).
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B.5 One-dimensional 1H spectra
Figure B.5: 1H NMR measurement in continuous flow, acquired in the single channel 1H probe
equipped with chip (A). A) Ethyl crotonate (20 vol% in CDCl3), at a constant flow rate of 1
µl/min, single scan. B) Menthol (30% in CDCl3), with a constant flow rate of 15 µl/min, single
scan. Zero filling up to 32000 points and 3 Hz line broadening was applied for both spectra.
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Supplemental Information for
Chapter 4: Inline reaction
monitoring of amine-catalyzed
acetylation of benzyl alcohol
C.1 Probe design
The basic element in the design of our NMR probehead is the stripline rf resonator
chip. The microfluidic stripline detector is an assembly of glass substrates with etched
microfluidic channels and merged together with a bonding process such that the chip
becomes leaktight and mechanically stable. On one side of the two merged substrates,
copper ground planes are deposited by sputtering and electroplating. The copper
stripline structure is sputtered and electroplated on one of the merged substrates. Due
to a constriction in this structure, the current density will be enhanced resulting in a
high rf-field at that position of the sample. The two parts, forming the microfluidic
chip, are positioned in such a way that the stripline structure is embedded between the
two substrates with the copper planes to the external sides. One side of the stripline
chip is connected to one of the copper ground planes. Some pictures and a schematic
of the stripline chip are shown in Figure C.1.
Special attention was given to the symmetry and simplicity of the probehead. The top
part of a long aluminum cylinder was divided in two halves. Small trenches of half of
the depth of the chip and circuit-board thickness were milled in both halves in which
the chip and the circuit-board could be placed. The stripline structure was connected
to the rf-circuit by soldering. The return line connection is established by the direct
contact between the copper planes and the aluminum cylinder.
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The stripline is inserted as a short at one side and soldered to tuning capacitors
connected to ground on the other side. This parallel circuit is capacitively coupled and
matched to the 50 Ω rf-connection. The tuning and matching capacitors are mounted
on a printed circuit board (PCB) and placed in one of the two halves of the aluminum
cylinder as described above. The tuning- and matching capacitors are small Voltronics
non-magnetic quartz trimmers and DLI non-magnetic ceramic chip capacitors. The
circuit is shown in Figure C.1b.
C.2 Microfluidic Setup
(a) a (b) b
Figure C.1: The microfluidic setup used for the series of 1H spectra during the reaction. a)
Pictures of the probe, microfluidics and the cap removed showing the stripline chip b) Schematic
representation of the setup, cross section of the stripline chip and rf circuit
Two syringe pumps (NE-1000, New Era Pump Systems Inc.) were used, each loaded
with a syringe (1 mL, gas tight, SGE Analytical Science and VWR) with luer lock
connections to fused silica (FS) capillaries (360 µm O.D., 250 µm I.D., Polymicro
technologies) that were led into the magnet to the probe. The microfluidic setup is
shown in Figure C.1. At the top of the probe a Y connector (Upchurch Scientific, P-773,
17 nL void volume) is used to bring together the two reactant flows. The mixture then
flows into an FS capillary (150 µm O.D., 75 µm I.D.) of 850 nL volume, that is glued
into the stripline chip. An FS capillary (150 µm O.D., 75 µ I.D.) is glued into the outlet
of the chip, which is connected via a nanotight PEEK union (Upchurch Scientific,
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P-779) into a wider FS capillary that goes into the waste container. The NMR sensitive
detection volume is 150 nL, the reaction volume before measurement (consisting of
the volumes of the stripline entrance channel, the FS capillary and the Y connector)
can be defined by choosing the length of the capillary and is in this case 850 nL, so
that the total reaction volume is approximately 1 µL. The delay time between the start
of the reaction in the Y connector and the measurement arises from this 1 µL reaction
volume, and varied between 1.5 seconds ansd 5 minutes, depending on the applied
flowrates.
C.3 Fitting procedure
For fitting of the kinetics, the rate constants k are optimised in Matlab by minimising
an object function F that gives a value for the difference between experimental and
fitted values at each measured point1:
(C.1) F =
∑
(experimental − fitted)2
The set of differental equations for the reaction of acetyl chloride with DIPEA (Scheme
2) is given in Eq. (C.2), in which the concentrations of AcCl (cAcCl), DIPEA (cDIPEA),
a tetrahedral intermediate (cTI ), protonated DIPEA (cD+), ketene (ethenone) (cK) and
acetyl ammonium ion (cAA) are utilised.
dcAcCl
dt
=
dcDIPEA
dt
= −k1cAcClcDIPEA + k−1cTI(C.2a)
dcTI
dt
= k1cAcClcDIPEA − (k−1 + k2 + k3)cTI(C.2b)
dcD+
dt
=
dcK
dt
= k2cTI − (k4 − k−4)cD+cK(C.2c)
dcAA
dt
= k3cTI + (k4 − k−4)cD+cK(C.2d)
The acetylation of benzyl alcohol with DIPEA (Scheme 1) can be described by the set
of differental equations in Eq. (C.3), extending Eq. (C.2) with the concentrations of
benzyl alcohol (cBnOH ) and benzyl acetate (cBnOAc).
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dcAcCl
dt
=
dcDIPEA
dt
= −k1cAcClcDIPEA + k−1cTI(C.3a)
dcTI
dt
= k1cAcClcDIPEA − (k−1 + k2 + k3)cTI(C.3b)
dcD+
dt
= k2cTI − (k4 − k−4)cD+cK + k5cBnOHcAA(C.3c)
dcK
dt
= k2cTI − (k4 − k−4)cD+cK − k6cBnOHcK(C.3d)
dcAA
dt
= k3cTI + (k4 − k−4)cD+cK − k5cBnOHcAA(C.3e)
dcBnOH
dt
= −k5cBnOHcAA − k6cBnOHcK(C.3f)
dcBnOAc
dt
= k5cBnOHcAA + k6cBnOHcK(C.3g)
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C.4 Kinetics for a reaction model with two and three steps
A simplified kinetic model for the reaction of acetyl chloride with DIPEA consists
of two steps: AcCl + DIPEA k1−−→ K + D+ and AcCl + DIPEA k2−−→ AA, resulting in
the values k1 = 7M−1s−1 and k2 = 3M−1s−1. The acetylation of benzyl alcohol is
represented by a three step model: AcCl + DIPEA k1−−→ D+ + K, side reaction AcCl +
DIPEA k2−−→ AA, and BnOH + K k3−−→ BnOAc. This results in k1 = 0.2M−1s−1,
k2 = 4 ∗ 10−2M−1s−1 and k3 = 4M−1s−1.
(a) Acetyl chloride with DIPEA (b) Acetyl chloride with benzyl alcohol and DIPEA
Figure C.2: Modelling of the kinetics with a simplified model of a) reaction of acetyl chloride
with DIPEA, b) reaction of acetyl chloride with benzyl alcohol in the presence of DIPEA.
Similar to Figure 4.6, experimentally derived values of concentrations are marked with *, fit
results are in solid lines. Starting product acetyl chloride 1 (AcCl), intermediates ketene 7,
acetyl ammonium ion 9 (AA), and end poduct benzyl acetate 4 (BnOAc).
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C.5 The acetylation of benzyl alcohol without DIPEA
The acetylation of benzyl alcohol 2 without a base catalyst is thought to proceed via
the tetrahedral intermediate 3, producing HCl as a side product (Scheme C.1). The
conversion of this reaction is slow, the reaction is completed in one day and can be
followed by conventional NMR experiments in a standard NMR sample tube. Some
spectra taken during the reaction progress are shown in Figure C.3.
Scheme C.1: The proposed reaction mechanism of acetyl chloride 1 with benzyl alcohol 2
giving benzyl acetate 4, involving the tetrahedral intermediate 3.
Figure C.3: The reaction of acetyl chloride (0.5 M) with benzyl alcohol (0.5 M) as measured
in a conventional 300 MHz NMR spectrometer for increasing reaction times. Indicated are
benzyl alcohol (BnOH), benzyl acetate (BnOAc), both alpha proton (at 5.1 ppm) and acetyl
group (at 2.1 ppm), acetyl chloride (AcCl) and the shifting tetrahedral intermediate 3 (TI).
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C.6 Triethylamine as base catalyst: conventional 2D spectra
(a) HSQC (b) HMBC
Figure C.4: Acetyl chloride with TEA: conventional 2D spectra after a few hours reaction time
(a) HSQC (b) HMBC
Figure C.5: Acetyl chloride and benzyl alcohol with TEA: conventional 2D spectra after a few
hours reaction time
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C.7 Pyridine as base catalyst: conventional 2D spectra
(a) HSQC (b) HMBC
Figure C.6: Acetyl chloride with pyridine: conventional 2D spectra after 2 hours reaction time
(a) HSQC (b) HMBC
Figure C.7: Acetyl chloride and benzyl alcohol with pyridine: conventional 2D spectra after a
few hours reaction time
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C.8 Overview of observed peaks
Table C.1: Observed peaks in the stripline and conventional NMR data, for all experiments
discussed in this research. The amine or pyridine peaks are not mentioned here, from the
proton spectra only the methyl peaks are taken. The reactions that are studied are acetyl
chloride (A), with DIPEA (D), triethyl amine (T) or pyridine (P), either with or without benzyl
alcohol (BnOH). The acetyl peaks of the acetyl ammonium ion or acetyl pyridinium ion peaks
are found in the column ’Ac’, side products are given as ’SP’.
AcCl Ac ketene BnOAc diketene end SP other SP
A+D
Stripline 2.68 2.23 2.4
1H ConvNMR 2.69 2.23 2.4 2.27, 2.3, 6
13C ConvNMR 33.6, 170.4 22.18, 166.4 2.5, 193.7 100
BnOH+A+D
Stripline 2.65 2.21 2.38 2.09
1H ConvNMR 2.2 2.39 2.09
13C ConvNMR 22.14, 166.42 66.3 170.9
A+T
Stripline 2.69 2.23 2.4 4.88, 4.5, 3.9 2.27,2.3,6
1H ConvNMR 2.23 4.9 ,4.5, 3.9 2.27, 2.3, 6 1.98, 2-2.5
13C ConvNMR 22.21, 166.41 88, 94, 101 20.2, 101, 163.07 23.63, 177.12
BnOH+A+T
Stripline 2.65 2.22 2.39 2.1 1.99
1H ConvNMR 2.23 2.27, 2.3, 6 1.95, 2-2.5
13C ConvNMR 22.19, 166.41 20.12, 20.39, 23.94,177.88
101, 163.07
A+P
Stripline 2.69 2.22
1H ConvNMR 2.69 2.22
13C Conv NMR 22.2, 166.43
BnOH+A+P
Stripline 2.67 2.22 2.10
1H ConvNMR 2.09 2.07
13C ConvNMR 20.99, 170.91 173.83
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D.1 Off-line EC and conventional NMR experiments
BIRB796 was converted to the product mixture in 6 hr under the conditions described
in ‘Electrochemical conversion‘. After 2 and 4 hr, the EC cell was cleaned and refilled
as operation for longer than two hours resulted in significant decrease of conversion
efficiency. The product mixture was dried at 30◦C under a nitrogen stream. The dried
sample was then stored at –20◦C overnight and reconstituted in DMSO-d6 directly
prior to the NMR measurements. These measurements were executed on an Advance
500 NMR spectrometer using a 5 mm CryoProbeTM (Bruker, Fallanden, Switzerland)
at 500.23 MHz.
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D.2 Picture of stripline NMR chip and COSY spectrum
(a) 400 µm stripline,
showing the stripline
structure (with cap
and ground planes re-
moved) on top of the
probe
(b) COSY Spectrum of BIRB796 measured
in the SPE–stripline-NMR setup
Figure D.1: 400 µm stripline NMR chip used for the measurements in Chapter 6 and COSY
spectrum of BIRB796
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D.3 NMR data on BIRB796 and EC products
Table D.1: NMR data on BIRB796. Chemical shifts and J-couplings are compared between the different NMR setups. The corresponding spectra
are found in Figure 6.4. (* overlap with dmso, ** overlap of peaks 12,16,17, for the multiplets averaged values are taken)
Proton number 2,6 3,5 7 8 11 12 15 16,17 18 20 23 28 30,34 31,33 35 37,38,39
Stripline-NMR
Chem. shift (ppm) 3.60 * 2.86 4.27 6.96 ** 7.85 7.55 8.19 8.76 8.55 6.34 7.42 7.36 2.45 1.27
multiplet t t br d d m d s s s dd dd s s
J-coupling 4.1 5.4 8.6 7.8 8.0 8.1 8.0, 32.7 8.5, 33.2
SPE-stripline-NMR
chem. shift (ppm) 3.61 2.57 2.88 4.28 6.96 ** 7.84 7.56 8.20 - - 6.34 7.41 7.37 2.40 1.27
multiplet br br br br d d m d s dd dd br s s
J-coupling 8.3 7.1 8.9, 4.0 7.1 8.3, 25.7 7.1, 24.7
EC-SPE-stripline-NMR
chem. shift (ppm) 3.62 2.55 2.89 4.28 6.96 7.50 7.81 7.56 8.21 8.74 8.53 6.33 7.40 7.36 2.39 1.27
multiplet t s t t d d d m d s br s s dd dd s s
J-coupling 4.1 5.4 4.5 8.2 7.9 7.0 7.4, 4.5, 0.4 7.6 8.1, 20.4 8.1, 20.4
Conventional NMR
chem. shift (ppm) 3.59 2.55 2.85 4.26 6.96 7.61 7.89 7.57 8.18 8.76 8.56 6.35 7.44 7.36 2.39 1.27
multiplet t br t t t d d d dt d s s s dd dd s s
J-coupling 4.6 4.5 5.6 5.6 8.4 8.3 8.3 8.2, 6.8 8.2 8.3, 39.1 8.2, 39.0
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Table D.2: NMR data on the two EC products of BIRB796. The chemical shift, coupling pattern and J-coupling strength are compared between
the EC–SPE–stripline-NMR setup and the experiments using the conventional NMR. (* overlap of peaks 12,16,17, ** multiple broad peaks in this
region, *** overlap with parent compound solvent, x product does not contain these hydrogen atoms. For the multiplets averaged values are
taken)
Proton number 2,6 3,5 7 8 11 12 15 16,17 18 20 23 28 30,34 31,33 35 37,38,39
hydroquinone
EC-SPE-stripline NMR chem. shift (ppm) x x x x 6.78 * 7.84 * 8.06 ** ** 6.46 *** *** *** 1.37
multiplet d *** d s s
J-coupling 10.6 8.3
oﬄine, fresh chem. shift (ppm) x x x x 7.24 * 7.95 7.54 8.09 ** ** 6.42 7.35 7.42 2.35 1.37
multiplet d d t d s dd dd s s
J-coupling 8.3 8.6 8.1 8.4 6.4, 36.6 7.2, 37.5
oﬄine, aged chem. shift (ppm) x x x x 7.24 * 7.95 7.53 8.09 ** ** 6.42 7.43 7.35 2.35 1.37
multiplet d d dt d s dd dd s s
J-coupling 8.2 8.4 1.3, 6.0 8.4 6.7, 36.8 6.7, 36.8
quinoneimine
EC-SPE-stripline NMR chem. shift (ppm) x x x x 6.83 * 7.76 * 8.14 ** ** 6.36 *** *** *** ***
multiplet d d d s
J-coupling 8.0 8.6 8.3
Oﬄine, fresh chem. shift (ppm) x x x x 6.81 * 7.83 7.49 8.13 ** ** 6.31 7.35 7.44 *** 1.27
multiplet d d dt d s dd dd s
J-coupling 8.1 8.4 8.3, 17.8 , 1.3 8.0 13.5 8.1, 45.7 8.2, 45.4
Summary
Nuclear magnetic resonance (NMR) spectroscopy is commonly used as an analytical
technique in a wide range of fields, such as chemistry, physics, biology and medicine.
The NMR measurement determines the resonance frequencies of the nuclear spins of
a sample in a magnetic field. These resonance peaks in the NMR spectrum display
small chemical shift differences, reflecting influences of their molecular structure and
electromagnetic environment of the nuclei. However, NMR spectroscopy has relatively
low sensitivity compared to other spectroscopic techniques. In cases where the amount
of sample is limited, which may be due to availability, sustainability or safety reasons,
the low sensitivity can become a barrier for using NMR spectroscopy. This is the
motivation for the ongoing research on how to increase the sensitivity of the NMR
experiment. In this thesis, the feasibility of using the stripline NMR chip is investigated
for mass-limited volumes and microfluidic samples, and several chemical applications
are explored.
From the expression of the signal-to-noise ratio of the NMR experiment it can be
derived that miniaturisation of the NMR coil is one of the strategies for improving mass
sensitivity (when only small amounts of samples are used), as reviewed in Chapter 1.
The stripline NMR microcoil is one of the several possible designs of an NMR micro-
coil. The stripline is a planar transmission line type structure, which is constricted at
the detection area to locally increase the current density and as a result focus on the
radio frequency (rf) signal from nuclei in the detection volume. Furthermore, sand-
wiching the stripline structure between ground planes ensures a good rf homogeneity,
resulting in high resolution. The stripline chips used in this thesis have a 150 nl sample
volume, microfluidically connected to a pumping system via fused-silica capillaries. It
is shown that the stripline rf coil design displays good resolution and high sensitivity.
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However, some practical aspects were encountered that can diminish the performance.
When substrates suffered from dielectric losses the sensitivity is reduced, while other
substrates were difficult to process resulting in irregularities that affected the resolution.
Also, leakages can occur when the substrates become too thin and analyte is in contact
with the chip material. As a solution for these issues, the latest stripline design has
FS substrates and a replaceable capillary that can be used to contain the sample or
connected to a microfluidic system.
Some biological samples are only available in small amounts or very expensive to ob-
tain/synthesise. Two examples are explored in Chapter 2. Single mouse CSF (cerebro
spinal fluid) is typically present in only small amounts of 5 to 7 µl (ante mortem). Be-
ing able to measure metabolites in single mouse CSF minimises the use of lab animals,
and also individual mouse study can give more information than pooling of material
of several mice. A second example is the structural analysis of synthetic analogues of
root exudates (strigolactones). These plant hormones are difficult to synthesise, and
therefore only available in small amounts. The stripline NMR chip used for studying
these samples in a replaceable capillary with sample plugs which have a volume of
150 nl, when covering the whole detection area. A field frequency lock channel was
installed with a separate D2O sample used to correct for any frequency drift during
long measurements, which improved the resolution of the spectra. For both mass-
limited examples, spectra were obtained in this setup. Stripline spectra of the single
mouse CSF was compared with conventional NMR spectra. The spectra displayed
sufficient resolution and the signal-to-noise ratio per amount of sample was 4 times
higher in the stripline. For the strigolactone analogues, 1H and 2D correlation spectra
were measured. In addition, 13C and HETCOR solid state NMR measurements were
performed on the samples. The spectra of both of these examples could be measured
well in stripline NMR (except for very long 13C NMR spectra). Sufficient volume of
sample was available so that analysis in conventional NMR was also possible. So, for
these type of samples, it could be an option to scale up the stripline’s detection volume
to about microliter volumes to obtain the optimal sensitivity.
Another advantage of a miniaturised NMR coil emerges when it is scaled to match
microfluidic applications. Microfluidic continuous flow chemistry is a very useful
technique to which microfluidic NMR can be coupled to provide in-line analysis.
Furthermore, continuous or recycled flow NMR spectroscopy can decrease the mea-
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surement time of nuclei with very long relaxation times that are difficult to measure in
conventional NMR. Moreover, microfluidic NMR enables in-line detection of unstable
compounds. This motivates the investigation of stripline NMR chips in a continuous
flow environment in Chapter 3. Three stripline NMR chips of different design are
connected to a standard microfluidics setup and test pulse sequences are employed
that are commonly used for structural research (1H and 13C 1D spectra and 1H-1H and
1H- 13C 2D correlation experiments). The experiments can be performed succesfully
using both high and low flowrates. The study suggests that the use of stripline NMR
can be valuable for experiments dealing with unstable or mass-limited samples and for
online monitoring in continuous flow.
In chemistry, the ongoing trend towards microreactor technology has many advantages,
especially when dealing with dangerous, toxic or explosive reactions. In a microre-
actor, chemical reactions take place in a microfluidic closed system with a very large
surface-to-volume ratio, therefore the microreactor provides excellent control over the
reaction in terms of thermodynamic and mixing properties. Moreover, as often higher
concentrations can be used, less solvents are needed. Due to the smaller reaction
volumes microreactor technology is safer and often more efficient than batch reactions.
Microreactor technology can be characterised as green chemistry by these advantages
for humans and the environment. In order to extend the benefits of microreactor tech-
nology into the analysis domain, it is interesting to develop in-line analysis techniques
on the same microfluidic scale. For this purpose, the stripline NMR chip is coupled to
a microfluidic pumping system to enable the reaction to be performed in a microreactor
in continuous flow with in situ NMR analysis. In Chapter 4 and 5, two examples of
chemical reactions analysed with this approach are explored; the acetylation of benzyl
alcohol and the Paal-Knorr cyclocondensation.
The acetylation of benzyl alcohol is studied in Chapter 4. The presence of an amine
(DIPEA) increases the reaction rate so that the reaction is finished in around 10 min-
utes, which makes it a suitable reaction to monitor in a microreactor-stripline NMR
setup. In a conventional NMR setup, some time between mixing in the fumehood
and acquisition in the spectrometer is needed, so that the first part of the reaction is
excluded from measurement. Furthermore, within the time before completion of the
reaction it is difficult to establish stable conditions, which are needed for accurate
measurements. Although the product mixture of a very fast reaction may be measured
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in conventional NMR after finishing or quenching of the reaction, for monitoring fast
reaction kinetics and detection of fast intermediate products, a microfluidic NMR
setup has many advantages. Using a microreactor coupled to the stripline NMR chip
enables steady state measurements from a few seconds reaction time onwards, when
maintaining constant flowrates. For studying the acetylation of benzyl alcohol, a series
of 1D 1H NMR spectra was acquired, from which kinetic information could be deduced
from the first minutes of the reaction. Using a combination of stripline NMR and
conventional 13C NMR measurements, reaction intermediates could be determined. In
addition, the amine DIPEA that is used in the reaction was replaced by two alternative
amines to observe the role of the amine in the reaction. From these experiments we
concluded that the reaction proceeds via a tetrahedral intermediate product and the
key intermediates in these reactions are ketene and acetyl ammonium ion. These
examples show that detailed structural and kinetic information can be explored within
a continuous flow microreactor in combination with stripline NMR spectroscopy.
A second example of a reaction suitable for microreactor technology is the Paal-Knorr
cyclocondensation, described in Chapter 5. This reaction, used in synthetic chem-
istry for the production of pyrroles, is very fast and exothermic and therefore difficult
to monitor in a conventional lab setup. The mechanistic pathway of the reaction,
however, is not clear since it is not known which intermediate products are present.
The microfluidic stripline NMR setup offers the convenience of a controlled reaction
environment as well as continuous flow detection, so that steady state measurements
can be performed at any moment during the reaction. In order to explore if the stripline
NMR setup can contribute to the understanding of such a very fast reaction, 1D and 2D
1H NMR spectra were acquired in continuous flow during the reaction. The acquisition
time of the 2D spectra is longer then the reaction itself takes to complete, but while
maintaining a steady flow the measurement can be performed at a fixed point of time
in the reaction progress. From these measurements, intermediate product peaks could
be assigned, which enabled fitting the 1D 1H NMR series data to a kinetic model.
Compared to conventional NMR spectra taken as soon as a stable mixture is formed,
it was shown that the stripline spectra are much clearer and information regarding
intermediate products and reaction kinetics can be obtained with our setup, although
the product mixture contains several intermediates in low concentrations, which re-
sulted in complex spectra and obscured some intermediate product peaks because of
large concentration differences. As a conlusion, a microreactor coupled to the stripline
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NMR setup can be very helpful in deriving critical information for a very fast reaction.
Hyphenation refers to in-line coupling of analytical techniques, so that operations
(separation, concentration, extraction) and in situ spectroscopic measurements can
be done, thereby increasing the efficiency and reproducibility of experiments while
decreasing contamination and degradation of the sample. Chapter 6 explores the
hyphenation of the stripline NMR chip to electro-chemical (EC) conversion and SPE
(solid phase extraction) for pre-concentration and solvent exchange. After in situ EC
conversion of protein kinase inhibitors, important molecules for drug research, the
mass-limited mixture of reactive compounds which degradate over time was collected
with SPE (solid phase extraction). The resulting mixture of parent compound, product
and side products was measured in the stripline NMR chip setup. 1H spectra and
correlation spectra (COSY and TOCSY) were acquired of the unstable compounds and
a reference compound. The quality of the NMR spectra obtained with this procedure
was sufficient to distinguish and assign the peaks of the product mixture. However,
the results indicate that improvements are needed regarding sensitivity of the NMR
measurement and efficiency of the EC conversion to make the hyphenated platform a
competitive alternative to conventional off-line analysis. Possible strategies to enhance
sensitivity and resolution and improve the experimental setup are discussed, indicating
that many opportunities are available to accomplish the measurement of quantitative
spectra in the hyphenated EC-SPE-stripline NMR setup.
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Kernspinresonantie (NMR) spectroscopie is een analytische techniek die vaak wordt
gebruikt in een breed scala van gebieden, zoals chemie, fysica, biologie en geneeskunde.
De NMR-meting bepaalt de resonantiefrequenties van de spin van de atoomkernen in
een magnetisch veld, weergegeven in een NMR spectrum. De resonantiefrequenties
tonen kleine verschillen (chemische verschuivingen), die informatie bevatten over de
moleculaire structuur en van de elektromagnetische omgeving van de atoomkernen.
NMR-spectroscopie is echter relatief ongevoelig in vergelijking met andere spec-
troscopische technieken. Wanneer de hoeveelheid monster beperkt is, vanwege de
beschikbaarheid of vanwege duurzaamheids- of veiligheidsredenen, kan deze ongevoe-
ligheid een barrie`re vormen voor het gebruik van NMR-spectroscopie. Om deze reden
wordt er veel onderzoek verricht met als doel het verhogen van de gevoeligheid van
het NMR-experiment. In dit proefschrift wordt de bruikbaarheid onderzocht van de
stripline NMR-chip met verhoogde gevoeligheid bij kleine detectievolumes, waar-
bij massa-gelimiteerde en microfluı¨dische monsters, alsmede een aantal chemische
vraagstukken worden onderzocht.
Uit de expressie van de signaal-ruisverhouding van het NMR-experiment kan worden
afgeleid dat miniaturisatie van de NMR-detectiespoel een van de strategiee¨n is voor
het verbeteren van de gevoeligheid bij massa-gelimiteerde monsters, zoals besproken
in Hoofdstuk 1. De stripline NMR-chip is een mogelijk ontwerp van een NMR-
microspoel. De stripline is een vlakke transmissielijnachtige structuur, die ter plaatse
van het detectievolume is vernauwd om lokaal de stroomdichtheid te verhogen, zodat
het radiofrequent (rf) signaal bijna uitsluitend van de kernen in het detectievolume
komt. Bovendien resulteert de plaatsing van de stripline tussen twee grondvlakken in
een goede rf-homogeniteit en dus in een hoge spectrale resolutie. De striplinechips ge-
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bruikt in dit proefschrift hebben een detectievolume van 150 nl, dat via fused-silica (FS)
capillairen microfluı¨disch gekoppeld kan worden aan een pompsysteem. De stripline
rf-spoel geeft een goede resolutie, hoge gevoeligheid en is eenvoudig microfluı¨disch te
koppelen. Er zijn echter enkele praktische aspecten gevonden die de prestaties kunnen
verminderen. De gevoeligheid vermindert wanneer die¨lektrische verliezen optreden in
de substraten. Andere substraten bleken moeilijk te verwerken, hetgeen resulteerde
in onregelmatigheden aan het oppervlak die de resolutie negatief beı¨nvloedden. Ook
kunnen lekkages optreden bij hele dunne substraten, vooral wanneer het monster in
contact komt met het chipmateriaal. Als oplossing voor deze problemen is het nieuwste
stripline-ontwerp van FS-substraten en heeft een verwisselbaar capillair dat gebruikt
kan worden om het monster te bevatten of gekoppels kan worden aan een microfluı¨disch
systeem.
Materialen van biologische oorsprong zijn soms alleen beschikbaar in kleine hoeveel-
heden of erg duur om te synthetiseren. Twee voorbeelden worden onderzocht in
Hoofdstuk 2. Het CSF (hersenvocht) van een individuele muis bestaat slechts uit
kleine hoeveelheden van 5 tot 7 µl (ante mortem). Het kunnen meten van metabolieten
in CSF van een enkele muis minimaliseert het gebruik van proefdieren en tevens kan
het onderzoek van een individuele muis meer informatie geven dan wanneer mate-
riaal van meerdere muizen wordt samengevoegd (poolen). Een tweede voorbeeld is
de structuur-analyse van synthetische analogen van wortelexsudaten (strigolactonen).
Deze planthormonen zijn moeilijk te synthetiseren en daarom alleen in kleine hoeveel-
heden beschikbaar. De stripline-NMR-chip die wordt gebruikt voor het bestuderen van
deze monsters in een verwisselbaar capillair met vloeistofpluggen die, wanneer ze het
detectiegebeid volledig bedekken, een volume van 150 nl hebben. Er werd een zoge-
heten lock-kanaal geı¨nstalleerd met een afzonderlijke microspoel die een D2O-volume
meet om te corrigeren voor frequentiedrift tijdens lange metingen, waardoor de resolu-
tie van de spectra verbeterd. Met deze opstelling werden NMR spectra gemeten voor
beide massa-gelimiteerde voorbeelden. De stripline NMR spectra van muizen-CSF
werden vergeleken met conventionele NMR-metingen. De resolutie van de stripline
spectra was voldoende en een de signaal-ruis-verhouding per hoeveelheid materiaal
was een factor 4 hoger bij de stripline NMR spectra. Voor de strigolacton-analogen
werden 1H en 2D-correlatiespectra gemeten. Daarnaast werden 13C en HETCOR vaste
stof NMR-metingen uitgevoerd. De spectra van deze twee voorbeelden konden goed
worden gemeten in stripline-NMR (behalve zeer lange 13C NMR-spectra). Er was
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voldoende materiaal beschikbaar zodat analyse in conventionele NMR ook mogelijk
was. Voor dit type monsters zou het detectievolume van de stripline kunnen worden
opgeschaald tot ongeveer microlitervolume om de optimale gevoeligheid te verkrijgen.
Een ander voordeel van een geminiaturiseerde NMR-spoel wordt duidelijk wanneer
deze wordt geschaald zodat de meetvolumes aansluiten op microfluı¨dische flowchemie.
Continue flowchemie is een zeer bruikbare techniek waaraan microfluı¨dische NMR
detectie kan worden gekoppeld om op die manier in-line analyse te verrichten. Verder
kan continue of gerecyclede flow NMR-spectroscopie de meettijd verminderen van
monsters die, als gevolg van zeer lange relaxatietijden, moeilijk te meten zijn met
conventionele NMR. Bovendien maakt microfluı¨dische NMR in-line detectie van
onstabiele chemische verbindingen mogelijk. In Hoofdstuk 3 worden stripline NMR-
chips in een continue flow opstelling getest. Drie verschillende stripline NMR-chips
worden gekoppeld aan een reguliere microfluı¨dische opstelling. Terwijl de vloeistof
met constante snelheid door het detectievolume stroomt, worden standaard testpuls-
sequenties gebruikt (1H en 13C 1D NMR en 1H - 1H en 1H- 13C 2D correlatie NMR
metingen). Deze metingen zijn met succes uitgevoerd voor zowel hoge als lage stroom-
snelheden. De studie laat zien dat het gebruik van een stripline-NMR interessant kan
zijn voor experimenten met onstabiele of massa gelimiteerde monsters en voor online
monitoring in een continue flow opstelling.
In de chemie heeft de ontwikkeling van microreactortechnologie veel voordelen, vooral
als het gaat om gevaarlijke, giftige of explosieve reacties. In een microreactor vin-
den chemische reacties plaats in een microfluı¨disch gesloten systeem op microschaal
met een zeer grote oppervlakte/volume-verhouding. De microreactor biedt thermody-
namisch gunstige omstandigheden en een uitstekende controle bij het mengen van de
reactants in een exotherme reactie. Bovendien kunnen reacties vaak in hogere concen-
traties worden gedaan, zodat minder oplosmiddelen nodig zijn. Vanwege de kleinere
reactievolumes is de microreactor-technologie veiliger en vaak efficie¨nter dan batch-
reacties. Door deze voordelen voor mens en milieu kan microreactor-technologie wor-
den gekenmerkt als groene chemie. Om de voordelen van de microreactor-technologie
uit te breiden naar het analysedomein, is het van belang om in-line analysetechnieken te
ontwikkelen op dezelfde microfluı¨dische schaal. Vanuit dit oogpunt is de microfluı¨di-
sche stripline-NMR-chip gekoppeld aan een microreactor en een microfluı¨disch sys-
teem om de reactie in continue flow op microschaal te kunnen uitvoeren en in situ te
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analyseren. In Hoofdstuk 4 en 5 worden twee voorbeelden van chemische reacties
met deze benadering geanalyseerd: de acetylering van benzylalcohol en de Paal-Knorr-
cyclocondensatie.
De acetylering van benzylalcohol wordt bestudeerd in Hoofdstuk 4. De aanwezigheid
van een amine (DIPEA) verhoogt de reactiesnelheid zodat de reactie binnen ongeveer
10 minuten is voltooid, waardoor het een geschikte reactie is om te monitoren in de
stripline NMR-chip. Bij een conventionele NMR meting is enige tijd tussen het mengen
van de reactieproducten in de zuurkast en acquisitie in de spectrometer onvermijdelijk,
zodat het eerste deel van de reactie niet kan worden gemeten. Bovendien is het, binnen
de tijd vo´o´r voltooiing van de reactie, moeilijk om stabiele omstandigheden te cree¨ren,
die nodig zijn voor nauwkeurige metingen. Hoewel het productmengsel van een zeer
snelle reactie kan worden gemeten in conventionele NMR na bee¨indigen of quenchen
van de reactie, heeft een microfluı¨dische NMR-opstelling vele voordelen bij het moni-
toren van snelle reactiekinetiek en detectie van kortlevende tussenproducten van een
reactie. De combinatie van een microreactor en stripline NMR spectroscopie maakt
het mogelijk bij constante stroomsnelheid steady-state metingen te doen vanaf een
reactietijd van enkele seconden. Voor het bestuderen van de acetylering van benzylal-
cohol werd een reeks van 1D 1H NMR-spectra gemeten, waaruit kinetische informatie
vanaf de eerste minuten van de reactie kan worden opgemaakt. Gebruikmakend van
een combinatie van stripline NMR en conventionele 13C NMR-metingen, konden
tussenproducten van de reactie worden bepaald. Bovendien werd de amine DIPEA
die in de reactie wordt gebruikt vervangen door twee andere aminen om de rol van het
amine in de reactie te observeren. Uit deze experimenten werd geconcludeerd dat de
reactie verloopt via een tetrae¨drisch tussenproduct en de belangrijkste tussenproducten
bij deze reactie zijn keteen en acetyl-ammoniumion. Uit deze voorbeelden blijkt dat
gedetailleerde informatie met betrekking tot de moleculaire structuur en reactiekinetiek
kan worden verkregen door middel van een continue flow opstelling met een microre-
actor en stripline NMR-spectroscopie.
Een tweede voorbeeld van een reactie die zeer geschikt is voor microreactortechnolo-
gie is de Paal-Knorr cyclocondensatie, die wordt gebruikt in de synthetische chemie
voor de productie van pyrrolen, uitgevoerd in Hoofdstuk 5. Deze reactie is erg snel
en exotherm en daarom moeilijk gecontroleerbaard uitvoerbaar en meetbaar in een
conventionele labopstelling. Doordat niet bekend is welke tussenproducten aanwezig
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zijn, is het reactiemechanisme niet duidelijk. De microfluı¨dische NMR stripline biedt
een gecontroleerde reactieomgeving en in situ NMR detectie. Om te onderzoeken of de
stripline NMR kan bijdragen aan het begrip van het mechanisme en de kinetiek van een
zeer snelle reactie zoals de Paal-Knorr cyclocondensatie, werden steady-state 1D- en
2D 1H NMR-spectra gemeten tijdens de reactie. Interessant is dat de acquisitietijd van
de 2D-spectra langer is dan de reactie duurt, maar door een constante stroomsnelheid
kan de meting op een vast moment in de reactie worden uitgevoerd. Uit deze metingen
konden enkele tussenproductpieken worden toegewezen in de spectra, waardoor een
kinetisch model kon worden gefit aan de gegevens van de 1D 1H NMR-serie, hetgeen
inzicht geeft in het reactiemechanisme. Het productmengsel bevat verschillende tussen-
producten in lage concentraties, waardoor de spectra erg complex zijn en sommige
tussenproductpieken vanwege grote concentratieverschillen niet goed te onderscheiden
zijn. Desondanks kon bruikbare informatie worden afgeleid met betrekking tot het
reactiemechanisme. Vergeleken met conventionele NMR-spectra die werden genomen
zodra een stabiel mengsel was gevormd, werden er met de stripline NMR duidelijkere
spectra gemeten en kon informatie over tussenproducten en reactiekinetiek worden
bepaald die niet uit de conventionele NMR metingen naar voren kwam. Concluderend
kan een microfluı¨dische reactor gekoppeld aan de stripline-NMR-opstelling zeer bruik-
baar zijn bij het analyseren van een zeer snelle reactie.
Hyphenation verwijst naar in-line koppeling van analytische technieken, zodat ope-
raties (scheiding, concentratie, extractie) en spectroscopische metingen in situ kunnen
worden uitgevoerd, waardoor de efficie¨ntie en reproduceerbaarheid van de experi-
menten worden verhoogd, terwijl contaminatie en degradatie van het monster worden
verminderd. Hoofdstuk 6 beschrijft de koppeling van de stripline NMR-chip met
elektrochemische (EC) conversie en SPE (vaste fase-extractie) voor pre-concentratie
en oplosmiddeluitwisseling. Na in situ EC-omzetting van proteı¨nekinaseremmers,
belangrijke moleculen voor geneesmiddelenonderzoek, werd het massa-gelimiteerde
mengsel van reactieve verbindingen dat na verloop van tijd degradeerde, verzameld en
geconcentreerd door middel van SPE (vastefase-extractie), voordat het resulterende
mengsel van beginproduct, product en bijproducten werd gemeten in de stripline NMR-
chipopstelling. 1H-spectra en correlatiespectra (COSY en TOCSY) werden gemeten
van het onstabiele product en een referentie. De kwaliteit van de NMR-spectra verkre-
gen met deze procedure was voldoende om de pieken van het productmengsel te
onderscheiden en toe te wijzen. De resultaten geven echter aan dat er verbeteringen
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nodig zijn met betrekking tot de gevoeligheid van de NMR-meting en de efficie¨ntie van
de EC-conversie om van de gebruikte hyphenated setup een concurrerend alternatief
voor conventionele off-line analyse te maken. Mogelijke strategiee¨n om gevoeligheid,
de resolutie en de experimentele opstelling te verbeteren, worden besproken, wat
aangeeft dat er verschillende mogelijkheden zijn om kwantitatieve spectra te meten in
de gekoppelde EC-SPE-stripline NMR-opstelling.
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